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FOREWORD 


THE PLAN to publish a memorial to Irving Langmuir, including all of the 
scientific output of his brilliant career in research, was announced to me by 
Captain I. R..Maxwell, managing director of Pergamon Press, late in 1958. 
My associates and I were asked to aid the venture by providing editorial advice 
and counsel, by enlisting the caoperation of scientific friends and acquaintan- 
ces, and by assisting in the collection and identification of material. Our enthu- 
siasm for the project and our willingness to cooperate sprang from two impor- 
tant considerations. 

First, Langmuir’s career provides an outstanding example of how free, 
but discriminating, inquiry in pure science may yield not only vital new know- 
ledge and understanding of nature, but also a great bounty of practical use- 
fulness for society. Secondly, Langmuir’s associates hold him not only in great 
respect, but in very great affection as well. Hence the preparation of these 
volumes has been more than a service; it has been a labor of love. 

The original plan was to publish Langmuir’s works in three or four volumes, 
but for very good reasons, which developed during the course of the project, 
the series has grown to twelve volumes. The quantity of Langmuir’s published 
scientific work proved to be far greater than we had estimated, and some 
previously unpublished wartime research and reports on meteorological studies 
were of such importance that their inclusion in the volumes was mandatory. 
Moreover, some exceptionally interesting philosophical papers and publications 
served to round out the literary portrait of Langmuir as a man and as a scientist. 

My associate editors, Sir Eric Rideal and Professor P. W. Bridgman, have con- 
tributed generously from their great wealth of knowledge and their intimate 
acquaintance with Dr. Langmuir. It is a pleasant duty to acknowledge that the 
many members of the Honorary Editorial Advisory Board have participated 
in this venture with enthusiasm, and that their editorial contributions to the 
separate volumes have added tremendously to the appraisal and interpreta- 
tion of Langmuir’s collected works. I particularly want to acknowledge with 
gratitude the valuable work of Professor Harold E. Way of Union College 
who, in the capacity of Executive Editor, has carried the major task of assuring 
that our responsibilities and commitments were fulfilled. 

I first met Irving Langmuir in the General Electric Research Laboratory 
when I joined the research staff in 1930, but our first meeting might equally 
well have taken place on a ski hill in the Adirondacks, at Lake George where 
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he liked to spend the summer, or on a climb on Mt. Marcy, for he had a prevail- 
ing love of the out-of-doors. Whether in the Laboratory or in the mountains, 
an intense curiosity about natural phenomena constantly pervaded his thoughts. 
In fact, I have never met anyone else who was so well coupled to nature. 

I am sure that, like all observant people, Langmuir perceived the beauty 
of nature as portrayed by the qualities of form, color, mass, movement, and 
perspective. In addition, however, Langmuir was delighted and entranced 
even more by the challenge to understand the working of nature as portrayed 
in the phenomena of everyday life — clouds, ripples on water, bubbles in ice, 
the temperature fluctuations of air and of water, the plastic quality of snow, 
the flight of a deer fly, and the thousands of “‘simple” phenomena which nearly 
everyone takes for granted. These manifestations of nature held endless fas- 
cination for Langmuir, and he constantly challenged himself to explain basic 
phenomena in terms of known laws of science. Of course, the same curiosity 
characterized his work in the Laboratory, and hence, provided the unifying 
motivation for his career, whether at “work” or at “play”. 

Langmuir’s scientific work is so completely and perceptively described 
and appraised in the separate volumes of this work that only a few general 
comments and observations are appropriate, or indeed possible, at this point. 

One striking feature of his research method was its instrumental simplicity. 
Although his career extended into the glamour age of science, characterized 
by large, impressive, and expensive machinery such as the cyclotron, the 
synchrotron, and particle and radiation diffraction equipment, his own ex- 
periments were almost invariably simple and uncluttered. He seemed posi- 
tively attracted to simple experimental techniques, in refreshing contrast to 
what sometimes appears to be a fashionable reliance on impressive and expen- 
sive complexity of research equipment. His work with heat transfer in gases, 
and later with electron emission phenomena from metals, employed laboratory 
glassware of stark simplicity. His studies of surface films, especially films 
on water, employed beautifully simple experimental equipment. The Labor- 
atory work on aerosols and smokes, and later on the nucleation of supercooled 
clouds, was all carried on with apparatus that could be assembled from the 
equipment of a typical home. His classical experiments on the “speed of deer 
fly” came about as close as possible to the string, wax, and paperclip approach 
to science; yet they sufficed to establish{the essential facts sought by the inves- 
tigation. Probably, few scientists, before or since Langmuir, have gained 
so much important new knowledge of nature with such simple research equip- 
ment. 

Similarly, Langmuir preferred to work with a few collaborators, rather 
than a large group or team of researchers, for this favored a close contact 
with the work on a participating basis. His ability to apply mathematical anal- 
ysis to physical problems was of a high order, and he divided his time about 
equally between experimental work and theoretical work. The combination 
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of outstanding experimental and analytical ability which he possessed occurs 
but rarely in a single individual; most scientists have somewhat greater interests, 
aptitudes, and hence accomplishment in one area or the other. 

Langmuir almost invariably worked on an intense basis and was generally 
completely preoccupied with his current problems. His concentration was 
exceptional, and he might pass you in the hall without seeing you. If you 
reminded him of it, he would smile and acknowledge that he was highly excited 
about some experiments that were in progress, or about some calculation 
that was presenting some puzzling aspects. 

We spend a good deal of time and thought nowadays on the question of 
motivation for scientists, seeking to understand the source and character 
of their drive. In Langmuir’s case, one needs to inquire no further than his 
curiosity. This pronounced trait provided an intense internal source of moti- 
vation, which constantly drove him to inquire and probe and test hypotheses 
until a pattern of understanding was developed. When he was on the trail 
of an exciting mystery, which was usually the case, his intense concentration 
was remarkable to behold. 

Langmuir’s career contributes much to our understanding of creative 
output in research. For example, on the perennial question of creativity and 
age, it has been held by some that the bulk of human creative work is accom- 
plished in early adult life, say in the age bracket between 25 and 35 years. It is 
probable that some purely statistical information might support this view. 
However, I would disagree strongly with the corollary conclusion that creative 
‘ability is characteristic of this age bracket. In the Laboratory, it is not unusual 
for creative young workers to acquire a greater span of research guidance, 
counselling, and even management responsibility as their career matures, and 
hence their creative contribution will, to a corresponding degree, appear 
in the work of others. I believe that in such cases scientists are generally not 
less, but more creative with advancing age, frequently up to and even through 
retirement. It is clear that purely statistical information would not readily 
reveal this fact. 

It is interesting to examine Langmuir’s career as an example of a scientist 
who remained in active research up to and through retirement, to see what 
role age played in his output. In Volume 12 we have depicted Langmuir’s 
achievements as a function of his age, using his scientific publications as evi- 
dence of his gross scientific output, and his principal accomplishments as evi- 
dence of his creative output. The resultant charts show remarkably constant 
productivity throughout his scientific career, and even through retirement. 
Throughout this period Langmuir published an average of five to six scientific 
papers per year. His principal accomplishments, both scientific and practical, 
took place almost uniformly over the period of his researches. Certainly no 
“creative age” can be identified in his career. The example of Langmuir’s 
scientific history does not prove the general thesis, but from the observation 


Google 


x Foreword 


of many research careers, I am persuaded that human creativity in science 
is not a significant function of age. 

Creative output, however, is a function of many other factors that comprise 
the research environment. One important factor is the changing field of re- 
search. Some of the most creative scientists in the history of the General Electric 
Research Laboratory have worked intensively in one field for a period of some 
years, and have then changed quite abruptly to a new field as a source of fresh 
stimulation and new challenge. It is evident that in a period of 5 years, or so, 
one can bring a fresh point of view to a new field, make a major contribution 
and perhaps exhaust one’s ideas on the subject. At that point of fruition, there 
is a great temptation to sit back and bask in a reputation for eminence which 
has been established in a specialized field of science. The more courageous 
scientist, however, will be challenged, or will, like Langmuir, challenge himself 
to enter a new field. This requires courage, because in the new field he will 
be a neophyte but, at the same time, a scientific entrepreneur with a reputation 
at risk, and this risk may not pay off. 

Langmuir’s career exemplifies the courageous entrepreneur in science. 
It would be difficult to find a common demoninator, except curiosity, in many 
of the fields of science in which he made basic contributions. He never hesi- 
tated to attack new fields, such as protein monolayers, the generation of smoke, 
or meteorology, which were completely new and, hence, challenging territory 
to him. In each of these diverse fields, and in a great many others, he has made 
major basic contributions. 

Some discussion of the very important applied aspects of Langmuir’s scien- 
tific: work is appropriate. It is a fact that, although his prevailing motivation 
in research was curiosity about all natural phenomena, he was always perceptive 
of the practical usefulness of research results, and he himself suggested pos- 
sible practical applications of many of the new phenomena which he discovered. 
He was generally able to communicate his enthusiasm to applied scientists 
and engineers interested in the proposed application and to give them guidance 
in its exploration. 

It is interesting to speculate on the way that Langmuir’s career might 
have developed had he chosen an academic, rather than an industrial environ- 
ment for his work in science. My personal belief is that his research would, 
in any environment, have resulted in a high order of scientific accomplishment. 
Although he evidenced little interest in teaching, he was in fact an outstanding 
teacher, and in a university he would have exerted a great influence on students 
who might have been fortunate enough to be in contact with him. But I doubt 
if an academic career for Langmuir would have, or could have, developed 
the great bounty of useful results for society which did come from his exposure 
to a creative industrial scientific environment. The human and economic 
impact of gas-filled lamps, high-vacuum electron tubes, atomic-hydrogen 
welding, space charge emission phenomena, techniques and discoveries in 
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surface chemistry, thyratron arcs (with A. W. Hull), and cloud seeding tech- 
niques has been very great indeed, and in most of these developments the 
influence of his research environment has been unmistakable. 

Wherever Langmuir worked, or might have worked, the world is vastly 
better because of him, and both his former associates and colleagues, and the 
public at large, bear a tremendous debt of gratitude for his genius in science 
and for his perception of human need. 


C. Guy Suits 

Vice-President and Director of Research 
General Electric Company 

Schenectady, New York 
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PREFACE TO VOLUME 9 


Like THE preceding volume, most of the papers in this volume were written 
by Langmuir during the 1930’s. There are, however, a few papers included 
that were written previous to 1920. These early papers deal with the surface 
phenomena of tungsten, an area in which he was deeply interested at that 
time. In the 1930’s he again turned his attention to surface phenomena but 
applied himself to a much wider area than tungsten. He not only studied rates 
of evaporation and vapor pressure but made a detailed study of the adsorption 
of gases by various solids, and his paper ‘“The Adsorption of Gases on Plane 
Surfaces of Glass, Mica and Platinum” is a most important contribution to 
the field. 

Part 2 of this volume is more concerned with adsorbed organic monolayers 
on both liquids and solids. Undoubtedly, his work not only helped lay a firm 
foundation for work in this area but also stimulated many others to 
enter the field. 

Dr. N. K. Adam, Southampton Uniwersity was invited to write the 
Introducjion to Part 1 of this volume. Dr. W. A. Zisman, superintendent of 
the Chemistry Division of the U.S. Naval Research Laboratory, and an 
outstanding scientist in the field of surface chemistry, was invited to write 
the contributed article for Part 2. 


Harotp E. Way 
Executive Editor 
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INTRODUCTION TO PART 1 
A CONTRIBUTION IN MEMORIAM 


By Dr. N. K. ApamM 


Evaporation, Condensation, Adsorption 


THE FIRST two papers in this part describe a new method for determining 
the vapour pressure of very refractory metals, from measurements of the rate 
of evaporation of hot metallic filaments into a high vacuum. They form part 
of a very comprehensive study of the behaviour of glowing filaments, carried 
out in the first few years Langmuir joined the staff of the General Electric 
Company, and are an excellent instance of his eminently practical, as well as 
theoretical genius, applied to the technically important problem of finding out 
what goes on when metallic filaments are heated in an incandescent electric 
light bulb. Langmuir has placed it on record that one of the chief attractions 
offered by the research department of the General Electric Company’s labora- 
tories was the exceptionally fine equipment for producing high vacua; and 
in the field covered in this part the highest possible vacuum is essential for 
good results. 

The rate of evaporation into a vacuum must, at equilibrium with the vapour 
at the saturated vapour pressure, equal the rate of condensation from the vapour. 
The rate at which the molecules (in the case of metals almost certainly single 
atoms) hit the filament can be calculated from a well-known formula of kinetic 
theory; and by assuming that the condensation coefficient, the fraction of 
molecules hitting the surface which actually condense, is unity, the rate of 
evaporation can be related to the vapour pressure without difficulty. 

There appears little doubt that Langmuir’s assumption that the condensation 
coefficient is unity is correct in the case of these metals, which have heavy 
atoms and very high latent heats of vaporization, although light atoms or 
molecules, especially of non-metallic elements with low boiling points, such 
as hydrogen, helium, and neon, are largely reflected from solid surfaces without 
condensation. If this assumption were wrong, and an appreciable amount of 


1 In these early papers the fraction of molecules condensing is called the ‘“‘accommodation 
coefficient”; but nowadays, and indeed later in this chapter, ‘‘accommodation coefficient” is 
used for a rather different quantity expressing the exchange of energy between a hot solid 
surface and a gas. 
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reflexion of atoms hitting the solid took place, the real vapour pressures would 
be higher than those calculated. 

It was verified that, over the range of temperatures at which rates of 
evaporation were measured, the relation between vapour pressure and tempera- 
ture, assuming reasonable values for the heat capacities of solid and vapour, 
agreed with the well-known Clausius-Clapeyron equation; using this equation 
for extrapolation, approximate values for the boiling points were obtained. 
These are however subject to an assumed value for the latent heat of fusion 
being correct. 

The third paper gives revised values for the vapour pressure over a wide 
range of temperatures, the temperatures used in the earlier work being cor- 
rected by the use of a more accurate relation between temperature and emis- 
sivity of glowing filaments. 

The fourth paper reveals that experimental proof had been obtained, in 
laboratories working with incandescent lamps, that molecules travel in straight 
lines and cause shadows of intervening objects, as early as 1894, some 17 years 
earlier than the experiments of Wood and Dunoyer, who are often regarded 
as the first to observe this phenomenon. Further evidence is brought that 
practically no reflexion occurs when metal atoms hit metal surfaces from the 
gas phase; and this paper contains a detailed discussion of the theory of 
reflexion of molecules from solids, showing that high reflexion (low condensation 
coefficient) is possible with some systems. Other topics touched upon are the 
“slip” between gases and solids in viscosity measurements, adsorption, and 
chemical reactions between gases and solids. 

The fifth paper introduces the important question of the time of sojourn 
of atoms or molecules temporarily condensed on a solid surface, with particular 
reference to cadmium vapour condensing on glass or metal. No condensation 
is visible from cadmium vapour on glass, above about —90°C; but this is 
because cadmium atoms evaporate, after condensation, from glass much more 
rapidly than they do from nuclei of cadmium metal, on which they condense 
in visible quantities. By this date (January 1916), Langmuir’s thoughts were 
turning to the understanding of the mechanism of adsorption, in which the 
lifetime of condensed or adsorbed molecules plays a very important part. 

The importance of the next paper, ‘“The Adsorption of Gases on Plane 
Surfaces of Glass, Mica, and Platinum” (1918), together with the later part 
of the first paper which appears in Part 1 of Volume 8, ‘“The Constitution 
and Fundamental Properties of Liquids and Solids; Part 1. Solids”, can scarcely 
be exaggerated. In these two papers, the theory of adsorption was at one stroke 
lifted from indefinite obscurity into clear definition, in terms of the arrange- 
ment of atoms on the adsorbent surface, the rate of arrival of atoms or mole- 
cules from the gas phase, the tenacity with which they are held after conden- 
sation on the surface, and their lifetime there. For the first time it was shown 
that many cases of adsorption are brought about by chemical combination 
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between the molecules coming from the gas, and the surface atoms of the 
solid, by means of exactly the same interatomic forces which cause binding 
of atoms into molecules. This chemical adsorption, or ‘‘chemisorption’”’ as 
it is generally called now, could be worked out exactly in terms of the 
pressure of the gas and the fraction of surface covered. Langmuir showed 
that, when these strong forces are operative, extremely stable films, one atom 
or molecule thick, form on metallic surfaces and often become practically 
complete at very low pressures of gas. Usually no further adsorption occurs 
on top of this monatomic or monomolecular layer, unless the pressure is 
a considerable fraction of the saturated vapour pressure, and the temperature 
not very far above the liquefying point of the gas. 

Langmuir worked out, for six different cases, the relation between the 
fraction of the surface covered, the pressure of the gas, and the time of life 
of the adsorbed atoms or molecules on the surface. First, he obtained the 
adsorption isotherm, the relation between the gas pressure and the amount 
adsorbed, when the surface has only one kind of elementary space, or site for: 
adsorption, and each space can hold only one atom or molecules. This is 
the very well-known ‘‘Langmuir isotherm”; but many people seem to have 
overlooked that, at this early date, his work extended far beyond this simplest 
case. He also paid some attention to the rate which adsorption takes place 
The cases when the surface consists of more than one type of space, and also 
of amorphous surfaces, treated as surfaces with an indefinite number of types 
of adsorbing site, were considered; and also the uncommon case when each 
site can hold more than one atom or molecule. His case V, given in the paper 
in this part, is when each site can hold only one atom of a diatomic molecule; 
this is frequent and very important. Here he gave the isotherm, when the 
surface is only sparsely covered, showing that the amount adsorbed is pro- 
portional to the square root of the gas pressure, instead of to the first power 
as in the first case. He also noted that, since each atom of the diatomic molecule 
must be adsorbed on adjacent sites, as the surface approaches saturation, 
some single spaces will be left unoccupied, a point used in 1935 by J. K. 
Roberts to account for adsorption, by tungsten, of a quantity of oxygen less 
tightly held and smaller in amount than the first, more tightly held mon- 
atomic layer. Finally, Langmuir considered the case when, at higher gaseous 
pressures, the surface becomes covered with more than one layer of adsorbed 
molecules, and here he to some extent anticipated the theory of multimolecular 
adsorption so thoroughly worked out by Brunauer, Emmett, and Teller some 
20 years later. 

Langmuir’s work was, however, far from being merely theoretical. His 
mastery of high-vacuum technique, together with a micro-analytical method 
for determining the composition of very small quantities of gases, enabled 
him to verify his theories; and this paper gives a detailed account of much 
pioneer experimental work. 
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In these two papers, Langmuir also records observations on the catalytic 
action of solid surfaces, interpreted in the light of what he had discovered 
on adsorption. This work was more fully described about three years later, 
in the two papers which appear at the end of Volume 1. Nearly all later 
work on adsorption and on heterogeneous catalysis owes a vast amount 
to these two papers, which will still amply reward anyone who studies them 
carefully. 

Perhaps, in his enthusiasm for the newly discovered adsorption by strong 
chemical valence forces, Langmuir rather neglected the ‘‘physical”’ adsorption 
in which the adsorbed molecules are held to the surface by the weaker Van 
der Waals forces; but he does not entirely ignore adsorption by these forces, 
although in his desire to erase the artificial differences between ‘‘chemical”’ 
and ‘‘physical” forces he calls them ‘‘chemical”’. 

The remaining four papers in this part belong to a later period, 1932-33, 
and have not the same pioneering character as the earlier papers. By this date, 
‘Langmuir was giving much of his attentions to the properties of adsorbed 
films of easily ionised metals such as caesium and thorium on tungsten, and 
to studies of discharge of electricity through gases; and he was also returning, 
with renewed vigour, to the study of monomolecular films on liquid surfaces, 
showing among other matters how ‘‘built-up” multilayers can be made by 
successive transfer of monolayers from water to a solid surface. All these 
topics are dealt with in other chapters in these volumes. In the seventh paper 
in this part, with Miss Blodgett, adsorbed films are found to have a very 
great influence on the exchange of energy between hot metal filaments and 
gases, the accommodation coefficient in hydrogen, of tungsten, being greatly 
reduced when an adsorbed film of oxygen is present. But Roberts found, 
about the same time, that adsorbed films on tungsten greatly increase the 
accommodation coefficient in neon, over the very low value this coefficient 
has when the tungsten surface is really clean. It seems probable that the hydro- 
gen, in the work reported in this part, itself forms a film on the tungsten 
surface, which affects the exchange of energy between the metal and the gas. 
The discrepancies between this work and that of Roberts do not appear to 
have been fully clarified; but there is no doubt that monatomic adsorbed films 
have a very great influence on the exchange of energy between hot metals 
and gases, and that measurements of the accommodation coefficient are a useful 
tool for investigating adsorbed films. 

The eighth paper records extensive calculations, in terms of the forces 
between atoms or ions, of the vapour pressure of solids, the evaporation of 
atoms, electrons, and ions from solid surfaces; consideration is also given 
to the forces between neighbouring atoms in adsorbed films. It is shown that, 
probably, tungsten has two types of surface, a small part, about 0.5 per cent, 
binding caesium much more strongly than the rest, which appears to be 
homogeneous, at least in respect of its power of holding adsorbed caesium. 
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The short ninth paper, also with Miss Blodgett, describes how an evaporated 
film, probably consisting mainly of nickel, adsorbed atomic hydrogen to 
a depth of at least 20 atomic layers; and slowly catalysed this back to molecular 
hydrogen, which was mainly or entirely desorbed from the film. 

The final paper in this part is based on experimental work recorded in the 
later papers appearing in Volume 3 Part 2, and should be read along with some 
of these papers. It considers the definition of separate phases in adsorbed 
films, and the passage of adsorbed caesium ions from one surface phase to 
another. A parallel with the three-dimensional Phase Rule is drawn for surface 
phases; and systems not in equilibrium are included. Because of the practical 
importance of adsorbed caesium ions, the effects of electric fields, not usually 
considered in discussions of phase equilibria, are taken into account. 

Although this part covers but a small fraction of Langmuir’s work, it includes 
a substantial part of one of his most important contributions to science, which 
at once became a principal pillar of modern surface chemistry. And throughout 
the part the reader will find an exceptionally wide range of ideas, some of which 
are by no means fully appreciated or worked out yet, well worth much pondeirng. 
The evidence of his exceptional resource and skill as an experimenter also 
is plain for all to see. 

N. K. ADAM 
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THE VAPOR PRESSURE OF METALLIC TUNGSTEN! 


Physical Review 
Vol. II. No. 5, November (1913). 


THE VAPOR pressure of metals has been the subject of many investigations in 
recent years. ; 

Greenwood? has directly determined the boiling points of several metals 
at three or four different pressures. The method adopted was to heat the metal 
in a carbon or magnesia crucible in an electric furnace and to observe the tem- 
perature at which drops of metal were first thrown up from the molten surface. 
The metals studied were copper, tin, silver, lead, bismuth, antimony, magne- 
sium, iron, chromium, manganese, and aluminum. The boiling points at atmos- 
pheric pressure ranged from 1120°C for magnesium to 2450° for iron. 

Recently von Wartenburg? has determined quantitatively the vapor pressures 
of lead, silver, and thallium by the dynamical method, that is, by passing an 
inert gas very slowly over the heated metal and measuring the concentration 
of the metal vapor in the gas. 

The volatility of many metals has been qualitatively observed, but except 
in the case of the metals given above and such easily volatile metals as mercury, 
zinc, and the alkali and alkaline earth metals there are no quantitative determi- 
nations of the vapor pressures or boiling points known to the writer. 

The volatility of the materials used for filaments of incandescent lamps 
is the principal factor determining the useful life of such lamps. 

Experiments were therefore undertaken to determine the rate of evaporation 
of tungsten in vacuum at various temperatures up to the melting point. 

The kinetic theory enables us to calculate the vapor pressure from this rate 
of evaporation, or at least to obtain a lower limit for the vapor pressure. - 


Relation Between Vapor Pressure and Rate of 
Evaporation in a Vacuum 


Let us consider a surface of metal in equilibrium with its saturated vapor. 
According to the kinetic theory we look upon the equilibrium as a balance 

(Eprror’s Note: This paper was also printed in Phys. Zeit. 14, 1273 (1913).] 

1 A preliminary statement of the results of this investigation has appeared in the Journal of the 
Amer. Chem. Soc. 35, 931, 1913. 

® Chem. News 104, 31-33, 42-45, 1912. 

* Z. f. Electrochem. 19, 482, 1913. 
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between the rate of evaporation and the rate of condensation. That is, we con- 
ceive of these two processes going on simultaneously at equal rates. 

In the case of liquids or solids at temperatures near their boiling points 
or even at temperatures so low that their vapor pressures are in the neighborhood 
of one millimeter, we are accustomed to consider that there must always be 
equilibrium between the vapor and the liquid or solid at the surface between 
the two. For example, no matter how rapidly we may boil water we are probably 
justified in considering that the steam is saturated at the surface boundary 
between the water and the steam. 

This, however, simply means that when we boil water as rapidly as we can, 
the net rate at which steam is produced is very small compared to the actual 
rate at which the water is evaporating into steam and the steam again condensing 
on the water. 

At much lower temperatures, where the vapor pressure is of the order of 
magnitude of 0.001 mm the rate of evaporation of a substance even in a practi- 
cally perfect vacuum is very small. This is not due to the cooling of the sub- 
stance by its own evaporation, but simply to the fact that the rate at which the 
molecules of vapor are formed is limited. 

For example, we cannot make mercury freeze by placing it in a very high 
vacuum, although we know it has a perceptible vapor pressure even at its 
freezing point. 

At temperatures so low that the vapor pressure of a substance does not 
exceed a millimeter, we may consider that the actual rate of evaporation of 
a substance is independent of the presence of vapor around it. That is, the rate 
of evaporation in a high vacuum is the same as the rate of evaporation in 
presence of saturated vapor. Similarly we may consider that the rate of 
condensation is determined only by the pressure of the vapor. 

Now the rate at which the saturated vapor comes into contact with the metal 
may be readily calculated from the principles of the kinetic theory when the 
vapor pressure is known. Certainly the rate of condensation of the vapor cannot 
exceed the rate with which it comes into contact with the solid or liquid. 

This calculation is similar to that of the effusion of gases through small 
openings!. 

Let us consider a unit cube of the vapor one side of which is bounded by 
the metal. We will calculate the rate at which the vapor comes into contact 
with the metal. Half of the molecules in this unit volume are moving towards 
the metal, and the other half are moving away from it. If we let @ be the density 
of the gas, then the mass of gas moving toward the metal is jo. 

Let Q be the average (arithmetical) velocity of the molecules. It can be 
readily shown that the average component of the velocity in any given direction 
is then $Q. Hence the average velocity with which the gas molecules in the mass 


1 Cf. Meyer’s Kinetic Theory of Gas, German edition, 1899, p. 82. 
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je are approaching the metal is }O. The mass of gas (m) which strikes against 
the unit surface of metal per second is therefore }9 x }Q, thus 


m= 10. (1) 
The ordinary gas law pV = RT may be written 
_ 2M 
o= pp (2) 


where p = pressure, 
M = molecular weight, 
T = absolute temperature (° Kelvin), 
R= gas constant = 83.2 10* ergs per degree. 
The average velocity (Q) of the molecules is given by the relation 


p= Fon, (3) 
whence from (2) 
8RT 
2=/ ar: (4) 


Substituting (2) and (4) in (1) we get for the rate at which the vapor comes 
into contact with the metal 


m= oar? (5)! 


If we can assume that every atom of the vapor which strikes the metal 
condenses, then the equation (5) gives the desired relation between the vapor 
pressure and the rate of evaporation in vacuo. If, however, a certain proportion (r) 
of the atoms of the vapor is reflected from the surface then the vapor pressure 
will be greater than that calculated from (5) in the ratio 1:(1—7). 

There are good reasons for believing that the reflection of vapor molecules 
from the surface takes place to a negligible degree only. Knudsen’ has shown 
from measurements of the heat conductivity of gases at low pressures that the 
number of molecules ot a gas which are reflected from a smooth surface (i.e., do 
not reach thermal equilibrium with the surface) is as much as 70 per cent in 
the case of hydrogen but very much less with gases of higher molecular weight. 
Knudsen gives the name accommodation coefficient to the quantity 1—r. He 
finds for example 





Accommodation 





Gas Surface coefficient 
Hy Polished platinum 0.36 
co, | Polished platinum 0.87 
H, ' Platinized platinum 0.71 
co, Platinized platinum 0.98 





1 This equation has been previously used by the author in calculating the velocity of reaction 
between oxygen and tungsten. ¥. Am. Chem. Soc. 35, 106, 1912. 
3 Ann. Phys. 34, 593, 1911. 
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Timiriazeff! finds the accommodation coefficient to have significance in 
determining the ‘‘slip” of gases in viscosity measurements at low pressure. 

The accommodation coefficient for a vapor with such high molecular weight 
as that of tungsten would probably be nearly unity for any kind of surface. 
There is every reason to believe, moreover, that the accommodation coefficient 
would be particularly high in the case of a metal and its own saturated vapor. 
It is extremely probable therefore that equation (5) gives a very close approx- 
imation to the true vapor pressure. 

Knudsen? has determined the vapor pressure of mercury at temperatures 
from 0° to 50° by a method involving the use of an equation similar to (5). 
He used a relatively large surface of mercury, however, and allowed the satu- 
rated vapor thus obtained to escape through a small opening into a space 
practically free from mercury vapor. From the rate of escape of the mercury 
he calculated the pressure of the vapor by an equation equivalent to (5). This 
method differs in principle from that employed for the present determination 
of the vapor pressure of tungsten only in having an opening through which the 
vapor diffuses instead of having the vapor simply diffuse out through the sur- 
face of the metal itself. Knudsen’s method has the advantage that his results 
are practically unaffected by any possible reflection of the vapor molecules 
from the surface, but it has the disadvantage that it cannot be directly applied 
to determining the vapor pressures of such difficultly volatile substances as 
tungsten. 


Variation of the Rate of Evaporation with the Temperature 
The relation between the vapor pressure of any substance and the tempera- 
ture is given by the Clausius-Clapeyron formula. 


i= 7 # (o-»,). (6) 


In the case of tungsten the volume of the metal is entirely negligible as com- 
pared to the volume of the vapor, so we may place v, = 0. If we consider 4 to 
be the latent heat of evaporation per mol of tungsten (184 grams) then since 
pv = RT we have 

dinp A 
qT RT (7) 
This result could have been obtained directly from Van’t Hoff’s equation. 
In general 4 is a function of the temperature such that 


dA 
aT =C,-C,, (8) 


here C, is the specific heat (per mol) of the vapor (at constant pressure), and 
C, is the specific heat per mol of the solid metal. 


1 Ann. Phys. 40, 971, 1913. 
2 Ann. Physik. 29, 179, 1909. 
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We may safely consider tungsten vapor to be monatomic! and hence its 
specific heat at constant pressure is 

C, = 2.98+-R = 4.96 calories per gram atom. (9) 

The atomic heat of solid tungsten is given as 6.3 by Gin (1908) and as 7.8 


by Corbino*. The higher value is rather improbable, so that the best value 
would seem to be about 


C, = 6.8. (10) 
Substituting (9) and (10) in (8) and integrating we have: 
A= A,—1.8T. (11) 


This result substituted in (7) and integrated gives, after changing from 
natural to common logarithms: 


0.218, 


log p = A— T 


—0.9 log T, (12) 


where A is a constant of integration. 
Taking the logarithm of equation (5) we obtain 


logm = log p+log =, — Flog. (13) 
Combining this with (12): 
logm = A’— Ont _1 slog, (14) 
where 
A’ = A+ blog. (15) 


Equation (14) gives us the rate of evaporation of tungsten as a function 
of the temperature. There are two empirical constants A’ and A, to be deter- 
mined from the experiments, 


Experiments on the Rate of Evaporation of Tungsten 
in Vacuum 


Several sets of experiments were made to determine the rate of evaporation. 
In each case lamps were made up with tungsten filaments, and the filaments 
were heated for various times at various temperatures. The rate of evaporation 
was determined usually by both of two methods, namely by increase in 
resistance and by decrease in weight. 


1 Langmuir, ¥. Am. Chem. Soc. 35, 944, 1913. 
* Phys. Zeitsch. 13, 375, 1912. 
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First Set. Five tungsten lamps were made up with single loop filaments 
without supports. The length of the wire used ranged from 10.6 to 11.2 cm 
and the diameter was 0.0162 cm. These lamps were set up on life test at an 
efficiency of one watt per maximum horizontal candle power and maintained 
at constant voltage. The initial candle power varied from 40 to 41 among the 
various lamps. These lamps were taken off test after 500 to 1000 hours, broken 
open, and the filaments weighed. 

Second Set. Five lamps similar to the last with lengths of filament from 
10.6 to 11.2, and of the same diameter as before were set up on test at 0.8 watt 
per maximum horizontal candle power and maintained at constant voltage. 
The initial candle powers ranged from 58.5 to 60.5. These lamps were taken 
off test after 200 to 300 hours, and the filaments were weighed. 

Third Set. Two lamps containing single loop filaments of wire 0.0122 cm 
diam. were made up. The filament of the first was 11.1 cm long. This lamp 
was set up at constant voltage at an original temperature of 2800°K (determined 
by color). The readings taken at frequent intervals were: 








Tasie I 
Time Candle 
minutes Volts | Amperes | power 
T me i: te 
0 23.6 2.94 | 164 
14 23.6 | 2.93 j - 
24 23.6 | 2.93 153 
56 23.6 2.89 | 124 
72 23.6 | 2.88 112 
{ i 





The second lamp had a filament 14.3 cm long. This lamp was set up by 
color at 3136°K and kept at constant voltage. The characteristics were: 











Taste II 
Time : : j _ i ~ Candle 
minutes | Volts Amperes | power 
0 | 35.5 3.55 | 504 
1 35.5 | - j 311 
2 | 35.5 ' 3.38 | 238 
3 


35.5 | 3.30 | 199 





Fourth Set. This set was made up at a later date than the previous ones, 
and the measurements were conducted with much greater care. Five lamps 
were made up from wire 0.00709 cm diameter, each with a length of about 
77 cm mounted in six loops. These lamps were photometered and set up with 
the filaments at temperatures ranging from 2738 to 2925°K. 
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The voltage was adjusted at frequent intervals so as to keep the product 
VA constant. (V = volts, A = amperes). In this way, notwithstanding a con- 
siderable change in the diameter of the filament, the temperature is maintained 
constant. This is readily seen from the following reasoning. The energy radiated 
is proportional to the diameter whence the function VA/d (watts divided by 
the diameter) is a function of the temperature but not of the diameter. Similarly 
if the material of the wire is unaltered, the resistance is inversely proportional 
to the square of the diameter, hence Vd?/A is a function of the temperature 
but not of the diameter. Therefore 

V2A? Vd? 

@ <A 

is a function of the temperature but not of the diameter. Hence if V/A is 

maintained constant the temperature must remain constant even when the 
diameter changes. 

The weight of the wire before sealing into the lamps was found to be 0.764 


mg per cm of length. 
The lamps were run as follows: 


= VA 














Taste III 

Initial | Initial Time Final Final | Final wt. 
No. | Temp. i volts | amps | minutes | volts | amps mg percm 
1 | 2738 19s, 1182 | 233 | 198 | 4429 | 
2 | 2825 208 1.240 111 213 | 1.157 | 0.676 
3 | 2875 216 | 1.260 65 222 | 1.159 0.671 
4 2925 230 | «1.310 40 238 1.184 | 0.656 
s | 2930 | 1.269 | 07m 


235 1.318 14.5 237 


1 i i 





The temperatures were determined by comparison of the color of the light 
emitted from the filament with that of a standard lamp viewed through a special 
blue glass. The details of this method of estimating temperature will be given 
in a subsequent paper. For the present it will suffice to say that the tempera- 
ture scale is primarily based on the following formula 


11,230 
clon 7.029—logH \t9) 

Here H is the intrinsic brilliancy of the filament in international candle 
power perjsq. cm (projected area). On this scale the melting point of tungsten 
is 3540°K. 

The initial volts and amperes give the characteristics of the lamps as first 
set up (after two hours ageing of the filament at 2400°K). 

The final volts and amperes give the characteristics after being set up at 
the indicated temperature for the time given in the fourth column. 
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The final weight is the average weight per unit length as found by 
weighing several lengths of the filament on a delicate microbalance after 
breaking open the bulbs. 


Calculation of the Rate of Evaporation 

Let wy = the original weight of the wire per unit length, 

w = the weight per unit length after the time t, 

@ = the density of the wire, 

r = radius of the wire, 

Ry = its initial resistance per unit length, 

R = its final resistance per unit length. 
Then it is easily seen that 


w = aro, 


Vz (17) 


Now the effect of the evaporation is to remove tungsten from the surface 
at a rate proportional to the extent of the surface. That is, the thickness remov- 
ed per unit time is constant and equal to m/9. Therefore 

m n—-r Yu—Vyo 1 
e t t 20 7 


or 











(18) 


whence 


=4/2 Vm —Ve 
m= Vz 7 , (19) 
This equation gives the rate of evaporation m in terms of the density and 


weight per unit of length of the filament. 
Since the resistance is inversely proportional to the cross-section we have 





RH. (20) 
Substituting this in (19) gives 
— 4 /Re 
m= 2 va, (21) 


from which m can be calculated from the changes in resistance. 

It should be noted, however, that (20) assumes that the specific resistance 
remains unaltered, therefore equation (21) applies only when the filament is 
kept at constant temperature, as for example in the fourth set of experiments. 
In the first three sets of experiments, on the other hand, the lamps were run 
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at constant voltage. The temperature therefore gradually decreases, and for 
this reason the resistance does not increase as rapidly as if the filament were 
kept at constant temperature. From data on the characteristics of tungsten fila- 
ments available in this laboratory it has been calculated that at constant voltage 
a 1 per cent decrease in current corresponds to a decrease in cross-section of 
1.11 per cent or an increase of 1.11 per cent in resistance at constant tempera- 
ture. Therefore, before applying equation (21) to the data in the first three 
sets of experiments an 11 per cent correction should be made in the changes 
in the resistance that are produced by the evaporation. 

In calculating m from equations (19) or (21) the value of 9 was taken to be 
19.4 which gives for /o/z the value 2.486 in gram cm units. 

In calculating the values of m from the data of the fourth set of experiments, 
the values of y/R,/R were plotted as a function of ¢ and the best representative 
straight line was drawn among them. The slope of this line was used to calculate 
m according to equation (21). 


Results of Experiments 


The values of m, i.e., the rate of evaporation of tungsten in grams per sq. 
cm per second, were calculated by equations (19) and (21) as described above, 
and are tabulated below (Table IV). 

In order to determine whether m, the rate of evaporation, varies with the 
temperature according to the theoretical equation (14) the quantity log m+-1.4 
log T (column VI) was plotted (Fig. 1) against 1/7 (column V). 

According to equation (14) the points should lie along a straight line. Ref- 
erence to Fig. 1 will show that the agreement is excellent, although the values 
of m vary in the ratio 1:15,000. 




















Tasig IV 
I Il ieei ow vo VI vil 
Set Lamp _ mx 10* 1/Tx10* | logm+14logT | Method 
I. | - 2440 =| ~— 0.0020 409.8 6.05—10 | Weight 
IL. - 2522 0.0059 396.5 6.53—10 “ 
III. 1 2800 0.39 357.1 8.42—10 | Resistance 
“ 2 3136 30. 3189 | 0.38—— “ 
IV. 1 2738 0.151 365.2 |  7.99—10 “ 
“ 2 2825 0.52 354.0 | 854-10 “ 
ee 2 2825 0.59 3540 | 859-10 Weight 
se 3 2875 1.01 347.8 | 884-10 | Resistance 
“e 3 2875 1.14 3478 | 890-10 | Weight 
ss 4 2925 | 1.73 341.9 | 910-10 | Resistance 
“ 4 2925 2.38 341.9 | 9.23-10 | Weight 
ee 5 2930 1.84 341.3 | 913-10 | Resistance 
- 5 2930 2.45 341.3 | 9.25-10 | Weight 
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The values of m determined by the change in resistance are in every case 
lower than those found from the change in weight. This is due to the fact that 
the elimination of traces of impurities from the tungsten by volatilization and 
a slow sintering process tend to decrease the specific resistance of the tungsten 
and hence counteract the increase in resistance due to evaporation. In fact, 
in the first and second sets of experiments at 2440 and 2520° respectively, the 
resistance during the first part of the life actually decreased, so that the resistance 
measurements are totally unreliable as a source of information about the rate 
of evaporation. At higher temperatures, however, these changes in specific 
resistance take place much more rapidly than at lower temperatures, and the 
resistance measurements become of greater significance. 























The values of m found from the changes in resistance are therefore probably 
not as accurate as those found from the loss of weight, but nevertheless serve 
as a very valuable check on the latter. 

From the slope of the straight line in Fig. 1 we obtain 


0.2182, = 47,440, 
whence 
Ay = 217,800 g—calories per mol. 


From this by (11) the heat of evaporation of tungsten at any temperature is 
A = 217,800—1.87. 
We can also calculate the value of A’, equation (14), from Fig. 1. We obtain 


A’ = 15.402. 
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Equation (14) thus becomes 


47,440 
T 





log m = 15.402— —1.4 log T. (22) 


From (15) we can now calculate A; equation (12) thus becomes 


47,440 
T 





log p = 15.502— —0.9 log T. (23) 


Since equation (22) represents the straight line on Fig. 1, it is readily seen 
that this equation gives a very satisfactory method of calculating the rate of 
evaporation at any temperature. 

Similarly, if we may assume that the reflection of tungsten atoms from solid 
tungsten is small, then equation (23) must give the vapor pressure with a fair 
degree of accuracy. 

In Table V are given the rate of evaporation, and the vapor pressure of 
tungsten at various temperatures as calculated from equations (22) and (23). 


Taste V 


Rate of Evaporation and Vapor Pressure of Tungsten 








Absolute temp. Evaporation g per sq. cm per sec Vapor pressure, mm 
| 
2000°K 114, x10 6.45 x 10-8 
2100 1.44x 10-8 83.2 x 10-* 
2200 14.4 x10-# 849. x107# 
2300 116.7 x10-# ! 7.05 x 10-* 
2400 798. x10-4 | 49.2 x10-° 
2500 . 4.67 x 10-® ' 294. x10-* 
2600 23.6 x10-* 1.51 x 10-* 
2700 | 106. x10-* 6.95 x 10-* 
2800 429. x10-* 28.6 x10-* 
2900 1.57 x 10-* 106. x10-* 
3000 5.23 x 10-* 0.000362 
3100 16.3 x10 0.00114 
3200 46.7 x10 0.00333 
3300 126. x10 0.00910 
3400 320. x10 | 0.0234 
3500 769. x10 0.0572 
(3540) 0.00107 0.080 
(5110) - 760. 











Above the melting point of tungsten the vapor pressure would follow another 
curve. The boiling point 5110° calculated from equation (23) must therefore 
be looked uponZas a lower limit. However, since the heat of fusion of metals 
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is very small compared to their heats of vaporization the error is certainly not 
large, and it can therefore be safely concluded that the boiling point of tungsten 
must lie in the neighborhood of 5100°K. 












































Fic. 2, Rate of evaporation of tungsten in a vacuum (m = grams 

of tungsten per square cm per sec). Points experimentally 

determined (see Table IV); curves calculated from equa- 
tion (22). 


The data in Table V have been plotted in Figs. 2 and 3. In Fig. 2 the rates 
of evaporation as determined by experiment (Table IV) are plotted. It is seen 
that the equation (22) fits in well with the observations. 


Summary 


1. It is shown that the vapor pressure (p) of a substance is related to its 
rate of evaporation (m) in a vacuum by the following relation: 


m= V _M ama P. 
2aRT *’ 
where M is the molecular weight of the vapor. In the derivation of this equation 
it is assumed that all the molecules of vapor which strike the surface of the metal 
are condensed (not reflected). No other assumptions except those that have 
received ample experimental verification need be made. 

2. Experiments were made to determine the rate of evaporation of tungsten 
in a vacuum at temperatures ranging from 2440°K up to 3136°K. Over this 
temperature interval of 700° the rate of evaporation increased in the ratio 
1:15,000. 

3. From these data the vapor pressures were calculated and were found to 
agree excellently with the thermodynamical relations such as the Clausius- 
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Clapeyron formula. The latent heat of evaporation of solid tungsten is thus 
found to be (per 184 grams) 


A = 217,800—1.8T calories, 


a value higher than the heat evolved by any known chemical reaction. 
4. The rate of evaporation of tungsten at any temperature in a perfect vacuum 
is given accurately by the equation : 


logy m = 15.402— ee 


—1.4 logy, T; 
here m is the rate of evaporation in grams per sq. cm per second. 

5. The vapor pressure of tungsten in mm of mercury at the absolute tem- 
perature J is given by the equation 


47,440 
ui 





logy) p = 15.502— —0.9 logy, T. 


6. The vapor pressure of tungsten at 2400°K the temperature of the fila- 
ment in a lamp running at 1 watt per candle, is about 50x 10-® mm. At the 

















































































































Fic. 3. Vapor pressure of tungsten in millimeters of mercury. 


melting point of tungsten, 3540°K, the vapor pressure is 0.080 mm. The 
boiling point of tungsten at atmospheric pressure is probably very close to 
5100°K. The vapor pressure at other temperatures is given in Table V. 

7. The rate of evaporation and the vapor pressure of tungsten are given in 
Table V. Curves of the same data are given in Figs. 2 and 3. 

In subsequent papers the writer intends to publish data on the rates of 
evaporation and vapor pressures of platinum, carbon molybdenum, tantallum, 
osmium, and some of the commoner metals such as copper, silver, nickel, 
and iron. 
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THE VAPOR PRESSURE OF THE METALS PLATINUM 
AND MOLYBDENUM 


With G. M. J. Mackay as co-author 
Physical Review 
Vol. IV, No. 4, October (1914). 


ConTINUING the line of investigation stared by the determination of the vapor 
pressure of metallic tungsten,’ the metals platinum and molybdenum have 
now been studied in a similar manner, and the results are given in this 
article. 

The method involved is essentially the same as that described in the for- 
mer paper, and consists in determining the loss of weight undergone by wires 
of the two metals maintained electrically at various temperatures for definite 
periods of time in glass vessels exhausted to an exceptionally good vacuum. 

The calculation of the vapor pressure from the rate of loss weight at a defi- 
nite temperature is based upon the kinetic theory of gases and the Clausius- 
Clapeyron formula giving the relation the vapor pressure of any substance 
and the temperature. 

In the former paper the atomic heat of tungsten was assumed to be 6.8 
at high temperatures. Recent work by Corbino and others, however, seems 
to indicate that the atomic heats of metals at temperatures as high as 2000°K, 
are considerably greater than would be expected according to the Dulong 
and Petit law. The most probable value for the atomic heats of platinum 
and molybdenum would therefore seem to be about 7.5 instead of the value 
6.8 previously adopted. This gives, for the latent heat of evaporation of 
these metals, 


A=Aj—2.5 T. (1) 
Following the method of the previous paper, we thus obtain: 
logp = A— 2718 le 1.26 10g, (2) 
where A is a constant of integration, and 
logm = 4’ 971840 _1 7610g7, (3) 


1 Phys. Rev. N.S., I, 329 (1913). 
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where 
A’ = A—}logM/2axR, (3a) 

p = vapor pressure in dynes per sq. cm, 

m = rate of evaporation in grams per square centimeter per second, 

M = atomic weight of the metal, 

A, = latent heat of vaporization at 0°K in calories per gram atom, 

R = gas constant 8.32.10’ ergs per degree, 

T = absolute temperature (Kelvin). 

The assumptions involved in these derivations are: 

1. The ‘‘accommodation coefficient” of the vapor of the metal is unity. 
That is, every atom which strikes the metal surface is condensed, no reflec- 
tion taking place. 

2. The volume of the metal is entirely negligible when compared to the 
volume of the vapor, so that the Clausius-Clapeyron formula reduces to 

dinp A 
“ar ~ RT? 

3. The vapor of the metal is monatomic so that the specific heat of the 
vapor at constant pressure, is equal to 2.98+R = 4.96 calories per gram 
atom. 

That the atoms of metal which evaporate from a hot wire are not reflected 
to any perceptible extent upon striking a surface, has been shown by many 
experiments in this laboratory. For example, if a single loop tungsten fila- 
ment be heated in a highly exhausted bulb to such a temperature that the 
evaporation is fairly rapid, a dense black coating of the metal will be deposit- 
ed uniformly over the glass. If, however, a screen, say of mica, be placed 
near the filament, that part of the bulb in the ‘‘shadow”’ of the obstruction 
will be perfectly clear with sharp boundaries. This shows that the atoms 
of tungsten travel in straight lines from the incandescent wire to the bulb, 
and that, at least from cold tungsten surfaces, the reflection of the tungsten 
atoms is negligible. 


Experimental 


The molybdenum used was a sample of pure material made in this labora- 
tory and consisted of wire 0.01549 cm in diameter. 

The platinum was obtained as wire 0.0254 cm in diameter from Baker 
and Co., Newark, N.J. The temperature coefficient between 0°-100°C was 
determined and found to be 0.0039 from 0°C showing the material to be of 
the highest purity. Portions of this wire were drawn down to smaller sizes 
for the following experiments. The diameters ranging from 0.00572 to 0.0077 cm 
were used. 

The diameter of the molybdenum wire was measured carefully by a micro- 
meter reading to 0.000025 cm. ; 


2 Langmuir Memorial Volume IX 
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The diameter of the platinum wire was calculated from the weight per 
centimeter using a density of 21.5. This is the more accurate way of obtaining 
the diameter, and would have been used with the molybdenum but the density 
of the latter is not so well known. 

The general method of procedure was to mount a section of wire from 
5 to 12 cm in length as a single loop on heavy nickel leading-in wires which 
was then sealed into a large straight sided lamp bulb about 9 cm in diameter. 
The bulbs were carefully exhausted while heated to 360°C by means of 
a mercury pump using liquid air to condense out water vapor and carbon 
dioxide. Before sealing off, the platinum or molybdenum filaments were 
heated eiectrically for about a minute to a bright red heat to drive off oc- 
cluded gases and surface impurities. The bulbs were sealed off from the pump 
at a pressure of less than 0.001 mm of mercury as read by a McLeod gage. 

The wires were then set up to definite temperatures on the photometer 
bench, using the candle power determination as the criterion of tempera- 
ture as explained below, and maintained at constant temperature until the 
resistance had increased by from 5 to 10 per cent. The temperature was 
kept at ‘the same value by maintaining the product of the voltage by the 
cube root of the amperes constant, this product being a function of the 
temperature only and independent of changing diameter. 

After running in this way for a definite time, the bulb was opened, and 
the weight of the filament obtained and compared with the initial value- 
The final weight was the average weight per unit length found by weighing 
several pieces of the filament. 

Weighings were made on a torsion balance reading directly to 0.01 milli- 
grams. 

The same formulas used in the paper on the vapor pressure of tu ngsten 
were used to calculate the rate of evaporation from the loss of weight and 
change in resistance. There are 








4/2 bmw 
el ee 0 
and 
ra Vz eg 1-]} pole (5) 


where w, = original weight of the wire per unit length, 
w = weight per unit length after the time t, 
o = density of the wire, 
r = radius of the wire, 
R, = initial resistance per unit length, 
R = final resistance per unit length. 
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Determination of Temperature 


The basis for the determination of the temperature of the wires was 
the same scale as used for tungsten in the preceding paper, modified by 
the ratio of the reflectivity of the metal in question to that of tungsten. 

The temperature scale is based primarily on the following formula 


be 11,230 

~7.029—log H’’ 
where H is the intrinsic brilliancy of the filament in international candle 
power per square centimeter of projected area. On this scale the melting 
point of tungsten is 3540°K. 

In obtaining the candle power of the incandescent platinum and molyb- 
denum, the wire was viewed through a calibrated slit, usually 2-4 cm in 
width, which served the double purpose of cutting off light from that part 
of the filament cooled by the leads and of enabling an accurate determina- 
tion of the length of the filament visible at the photometer head. Candle 
power per unit of projected area was thus readily obtained. 

The emissivity of tungsten was taken as 0.514 and of molybdenum as 
0.5291, as compared to a black body. Hence in order to obtain the tem- 
perature from the curve of tungsten, the observed candle power for molyb- 
denum was multiplied by the ratio 0.514/0.529. 

The available published data on the emissivity for platinum varies so greatly, 
that a determination of the melting point was made as a check on the method. 
For this purpose three filaments of platinum, 0.0255 cm in diameter, were 
carefully photometered, and quickly heated to the melting point and measure- 
ments of the volts, amperes and candle power were made at frequent intervals 
up to the burn-out point. 

This method of obtaining the characteristics of a metal at its melting 
point has been found to be very reliable and reproducible in the case of 
tungsten, and the three measurements on platinum checked with each other 
within 5°C. The data obtained are as follows: 





: % = _ Fis. ie : — 
| Dia. wire | “Length, total | Wire (em), : 
Bulb No. | (cm) | (cm) | visible | Candle asad CPild 
6323-1 | 0025 | 190 | 10.50 4.46 | 16.6 
6323—2 0.025 | 19.3 | 10.54 4.64 17.2 
| 186 | as 16.9 


6323—3 0.0255 10.56 4.54 








Now the melting point of platinum is 1750-1755°C and: assuming that 
we get within 5 degrees of the true melting point by the above method and 
taking the value 1750, we find the candle power per sq. centimeter at this 


1 H.v. Wartenberg, Ber. Dtsch. Phys. Ges. 12, 105 (1910); W. W. Coblentz, Bull. Bureau 
of Standards, 7, 198 (1911). 
* Day and Sosman, Am. ¥. Sci. 29, 161 (1910). 
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temperature on the tungsten scale to be 30.2. The emissivity of platinum 
will then be equal to the product of the emissivity of tungsten 0.514 by the 
ratio of the candle powers 16.9/30.2, which is 0.288. This agrees quite closely 
with the value 0.278 determined by H.v. Wartenburg for block platinum.? 

The temperatures of the three melting points as determined above are 
then 2022, 2027, and 2023 degrees Kelvin respectively if the value of 0.288 
is taken for the emissivity. 


Results of Experiments 


The values of m, the rate of evaporation of the metal in grams per square 
centimeter per second, were calculated from the change in weight and also 
from the change in resistance by the formulas given above, and are tabulated 
in Table II. 


Taste II 
Rate of Evaporation of Platinum 














| 
Identification | Temp. of wire | mxIe 1 107 log m 
number °K) | ~ eels. (1/T)x +1.7* log T 
Weight Resistance 

7010-2 | = 1682, |_—(0.00617 0.0036 | 5945 | 3.470 
6916—3 1710 | 0.0052 5848 i 
6916-1 1800 | 0.0695 0.049 5555 2.572 
6673-1 | 1890 | 0.373 0.222 5291 1.332 
7010-3 | 1912 0.503 | 0.363 5230 i 1.482 
6673—3 1982 1.32 1.13 5045 1,921 
6673—5 2000 1.88 1.35 ' 5000 ' 0.084 








In order to determine whether m varied with the temperature according 
to the theoretical equation (3) the quantity log m+-1.76 log T was plotted 
against 1/T. 

According to equation (3) the points should lie along a straight line. Refer- 
ence to Figs. 1 and 2 will show that the agreement is excellent in both cases. 

The values of m determined by change in resistance are in every case lower 
than those found from the change in weight. This is due to the fact that 
the elimination of impurities from the metal by volatilization and a slow 
sintering process tend to decrease the specific resistance and so counteract 
the increase in resistance due to evaporation. While affecting the resistivity 
of the metal these impurities are present in such small traces that they 
introduce no appreciable error in the determination of loss of weight. Due 
to the low resistance of the heated wires, usually about 10 ohms, and the 


1 Ber. Dtsch. Physik. Ges. 12, 105. 
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excessive cooling by the leading in wires, the values obtained from resistance 
measurements have been discarded in favor of these determined from change 
in weight. It will be noted however, that the quantities obtained by the two 
methods are not very different. 


Taste III 


Rate of Evaporation of Molybdenum 











Identification | Temp. of wire mI ' (1/T)x 107 log m 
number (°K) PS ipeaiatet «Wi Weide et +1,7§ log T 
Weight | Resistance 

6975—8 1994 | 0.00766 ' 0.00635; 5015 I 3.694 
6975—3 | 2040 | 0.0305 0.0286 ' 4902 | 2.314 
61-3 | 2056 | , 0.081 i 4864 | 

6911-2 2112 0.124 ‘0.118 ( 4735 \ 2.953 
6975-5! 2121 0.111 0.104 i 4715 2.905 
6430—2 2220 0.630 ! 0,560 4505 1.689 
6911-1 2287 1.74 ' 1.56 : 4372 i 0.150 
6430—1 2312 3.29 2.70 : 4325 : 0.447 
6975—2 | 2326 3.65 3.24 4299 0.492 
6430-3 | 2350 | 6.49 5.14 ’ 4255 | 0.742 
6975—1 2373 8.47 ‘7.07 ! 4214 | 0.868 








From the slopes of the lines in Figs. 1 and 2 we obtain for platinum 
0.2182, = 27,800, 
whence 
Ay = 127,600 grams calories per mol; 
and for molybdenum 
0.2184) = 38,600 


whence 
Ay = 177,000 gram calories per mol. 


From these values the heats of evaporation at any temperature are 
Platinum 3 we et 127,600—2.5 T. 
Molybdenum ..............0-0.4 177,000—2.5 T. 


The values of A’, in equation (3) may also be calculated from Figures 
1 and 2, the result being 


Platinum 2... 2. 2 ee ee ee A 14,00 
Molybdenum ............2.-02 20858 A 17.110 
Equation (3) thus becomes 
log m = 14.00—(27,800/7)—1.76 log T for platinum (6) 


and : 
log m = 17.11—(38,600/T)—1.76 log T for molybdenum. _ (7) 
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From (3a) we can now calculate A, equation (2) becoming 
log p = 14.09—(27,800/T)—1.26 log T for platinum (8) 


and 
log p = 17.354—(38,600/7)— 1.26 log T for molybdenum. (9) 


























Fic. 1. Rate of evaporation of platinum. 
Since equations (6) and (7) represent the straight lines in Figs. 1 and 2, 
it is readily seen that this equation gives a very satisfactory method of calculating 
the rate of evaporation at any temperature. 

















Gs Prpareveg 77 TT TT TT TP 





Fic. 2. Rate of evaporation of molybdenum. 
Similarly, if it be assumed that the reflection of atoms of the metal is small, 


then equations (8) and (9) must give the vapor pressure with a fair degree 
of accuracy. 


Original from 


Digitized by Google UNIVERSITY OF MICHIGAN 


The Vapor Pressure of the Metals Platinum and Molybdenum 23 


The rates of evaporation and vapor pressure at various temperatures as 
calculated from these equations is given in Tables IV and V. Above the 
melting points, the vapor pressure would, of course, follow another curve. 
The boiling points calculated must therefore be looked upon as a lower limit. 
However, since the heat of fusion of metals is very small compared to their 
heats of vaporization the error is certainly not large, and it can therefore 
be safely concluded that the boiling points are in the neighborhood of the 
temperatures calculated. 

Taste IV 
Rate of Evaporation and Vapor Pressure of Platinum 





Evaporation g per sq. cm | 


Absolute temp. | Vapor pressure, mm 








per sec 

1000 8.32 10> : 324.0 10-*° 
1050 161 10-*° i 6415 10-*° 
1100 0.238 10-1* i 9.70 107% 
1150 2.75 10-76 i 115 10-6 
1200. 26.0 10-7" 1110 10-* 
1250 204 107" 8910 10-18 
1300 0.137 10-* 6.11 10-8 
1350 0.791 10-* 36.2 10°? 
1400 4.01 107% 188 107* 
1450 i 18.5 10-* 867 1078 
1500 75.4 10-4 3610 10-1# 
1550 0.279 10-* 13.7 10-° 
1600 0.966 10-* \ 48.4 10-* 
1650 { 3.11 10-* \ 156 10-° 
1700 9.06 10-* 465 10-* 
1750 25.4 10-° 1300 10-* 
1800 66.7. 10-* 3500 10-* 
1850 168 10-* 8800 10-* 
1900 0.397 10-* | 21.3 10-¢ 
1950 0.920 10-¢ 49.5 10-¢ 
2000 1.95 10-* 107 10-¢ 
2028 i 2.97 10-* 164 10-* 
4180 i 760 mm 





Calculation of the Vapor Pressure by the Nernst Heat Theorem 


According to Nernst’s theorem, the vapor pressure of any substance is given 
approximately by the equation 


a 4g / 
log p = —a57rr +175 log T+-C. (10) 


Here p is the pressure in atmospheres, A, is the molecular heat of evapora- 
tion, and C is the chemical constant of the substance. Nernst finds for most 
substances that C has a value of about 3. If, then, we substitute C = 3, in the 
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above equation, a roughly approximate relation between the vapor pressure 
and the heat of evaporation of a substance should be obtained. 

Winterwitz! has shown that the previously published data on the vapor 
pressure of tungsten is in excellent agreement with such an equation. 

It may be of interest, therefore, to compare the present data on platinum 
and molybdenum with the Nernst formula. 

Let us calculate the value of C by (10) from the data on the vapor pressure 
of the three metals. Choosing a temperature in each case midway between 
the highest and lowest temperatures at which the rate of evaporation was 
measured, we obtain from the data of Table V of the previous paper and 
from Tables IV and V of the present paper the following results: 


TABLE V 
Rate of Evaporation and Vapor Pressure of Molybdenum 





Evaporation g per sq. cm 








Absolute temp. per sec | Vapor pressure, mm 
1800 | 0.0863 10-* H 6.43 10-° 
1850 0.318 10-* | 23.5 10-* 
1900 1.057 10-* | 80.8 107° 
1950 3.72 10-* | 288 10-* 
2000 10.0 107° j 789 10-* 
2050 0.0283 10-* 2.24 10-* 
2100 0.0763 10-* 6.12 10-* 
2150 0.196 10+ H 15.9  10-* 
2200 0.480 10 | 39.6 10-* 
2250 1.13 10-* | 94.1 10-* 
2300 2.57 10-* ! 214 10 
2350 5.64 10 479 10-* 
2400 120 10+ 1027 10-* 
2450 | 0.246 10-¢ | 21.4 © 10-* 
2500 0.490 10-¢ 43.0  10-* 
2550 0.959 10-¢ 85.0 10-¢ 
2600 1.791 10-¢ 160 10-* 
2650 3.30 10-4 298 10-* 
2700 5.95  10-¢ | 542 10-« 
2750 10.50  10-¢ 918 10-« 
2800 18.1 10-¢ | 1679 10-¢ 
3890 | 760 mm 








The chemical constant C in the last column was calculated from equation 
(10) by substituting in it the above values of 7, p, and Ay. 

The value of C for platinum is unusually low, whereas that of molybdenum 
is considerably higher than the value 3.0 given by Nernst for the average of 
a large number of substances. 


1 Physik Zeit. 15, 397 (1914). 
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If, instead of calculating C, we assume it to be equal to 3.0 for each metal, 
and then choose a value of A, which will give the best agreement with the 
experiments, we obtain 

for WwW, A, = 210,000, 
Pt, Ao = 136,000, 
Mo, A, = 162,000, 
instead of the values given in Table VI. 








Taste VI 
Ce i a T | “p mm | p atmos | 7 he : j ; Cc a. 
Ww... 2700 =| «= (6.9x10-* 9.1x10- 218,000 3.5 
Pt 1850 8.8x10-* | 11.6x10-* 128,000 1.5 
Mo... 2200 40 x10 | 53.6x10-* 177,000 44 











In view of the merely approximate form of the Nernst equation used, it 
is difficult to decide what weight should be given to the above results. 


Summary 
1. The rates of evaporation of heated platinum and molybdenum wires 
in high vacuum were determined over rather wide ranges of temperature. 
2. From these data the vapor pressures of these metals were calculated. 
The results are given in equations (6) to (9) and in Tables II to V. 
The latent heat of vaporization of these metals (in calories per gram atom) 
is found to be: 
Pt, —128,000—2.5 7, 
Mo, = 177,000—2.5 T. 


These results are found to be in moderately good agreement with an 
approximate equation derived by Nernst. 
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THE RATES OF EVAPORATION AND THE VAPOR 
PRESSURES OF TUNGSTEN, MOLYBDENUM, 
PLATINUM, NICKEL, IRON, COPPER AND SILVER 


With Howarp A. Jones ani G.M. J. Mackay es co-authors 
Physical Review 
Vol. XXX, No. 2, August (1927). 


ABSTRACT 


Langmuir and Mackay’s data on the rates of evaporation of tungsten, molybdenum and platinum 
have been corrected to the tungsten temperature scale of Forsythe and Worthing. Similar data 
on nickel, iron, copper and silver are published for the first time on the same temperature scale. 
The third law of thermodynamics has been assumed in all calculations and the vapor pressures 
are calculated from the rates of evaporation. The experimental data check the third law as shown 
by the constancy of the calculated values of 4), the latent heat of evaporation at the absolute zero. 
Tables are given of the rates of evaporation and the vapor pressures up to the boiling points. The 
data are compared with those of other investigators. The evaporation of metals heated in an atomic 
hydrogen flame was very rapid and gave results which confirmed the data on evaporation in vacuum. 
The values of A, expressed in cal. gm (atom)~? and the boiling points in degrees Kelvin are 


WwW Mo Pt Ni Fe Cu Ag 
do 191,880 146,000 127,500 89,440 89,025 82,060 71,320 
B.P. 6970 5960 4800 3650 3475 3110 2740 


Data have been published by Langmuir! on the rate of evaporation of tung- 
sten as measured by the loss in weight of tungsten filaments. Langmuir and 
Mackay? have also published similar data for molybdenum and platinum. These 
measurements were based upon a temperature scale for tungsten filaments 
which has recently been revised.?45 For this reason we have recalculated 
the old measurements on the basis of the new temperature scale. We also have 
data taken in 1915, but not previously published, on the rate of evaporation 
of nickel, iron, copper and silver filaments. We now have recalculated all these 
data using the new temperature scale, assuming the validity of the third law 
of thermodynamics in all calculations. 


1 Langmuir, Phys. Rev. 2, 450 (1913). 

* Langmuir and Mackay, Phys. Rev. 4, 377 (1914). 

3 Forsythe and Worthing, Astrophys. ¥. 61, 126 (1925). 

« Zwikker, Physica 5, 249 (1925) and Proc. Roy. Acad. Amsterdam 34, No. 5. 
5 Jones, Phys. Rev. 28, 202 (1926). 

* Jones and Langmuir, G.E. Rev. 30, 310 (1927). 
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A further discussion of the method which we have used will be given in a 
subsequent paper by S. Dushman and H. A. Jones in which also a comparison 
will be made with the results calculated by means of a semi-empirical equation 
developed by Dushman for the velocity of a unimolecular reaction’. 

Variation of the Rate of Evaporation with the Temperature. The relation 
between the vapor pressure, p, of any substance and the temperature is given 
by the Clausius-Clapeyron formula 


A, = T(V—v,) dp[aT (1) 
In general the volume of the metal is entirely negligible as compared with the 
volume of the vapor produced by its evaporation, so we may place vy = 0. 
If we consider A to be the latent heat of evaporation per gram atom of metal, 
then since pV = RT, we have 

d\n p/dT = A/RT*® (2) 
which result can also be obtained directly from Van’t Hoff’s equation. — 


The latent heat of evaporation A, is a function of the temperature such 
that 


3 T 
Ap = Apt f C,dT— f c,aT (3) 
° 0 


where A, is the latent heat of evaporation per gram atom of metal at the abso- 
lute zero, C, is the specific heat of the vapor, and c, the specific heat of the 
solid metal, both measured at constant pressure. 

The atomic heat of a metallic vapor, which obeys the gas law at constant 
pressure, is constant down to absolute zero and equal to (5/2)R calories per 
gm atom. 

Substituting in (3) we have 

: 


Ap = Ag+-(5/2)RT— | c,dT (4) 
Substituting (4) in (2) we obtain 
din p/dT = 4,/RT*—(5|2)T—(1/RT*) { c.dT (5) 


and integration gives 
In p = —A,/RT+ (5/2) In T—H/R+i (6) 


where i is a constant of integration, the «o-called “chemical con-tant”, and 
T T 
H = f (aT/T*) f ¢,dT 
0 0 


7 Dushman, J. Am. Chem. Soc. 43, 397 (1921). 
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It has been shown by Sackur® and Tetrode® that for monatomic vapors 
t= ig+(3/2) In M (7) 
where M is the atomic weight of the metal and 1, is a universal constant given 
by 
ig = In [(2n)**452/N 2H) (8) 


where k is; the molecular gas constant, No, is Avogadro’s number and h is 
Planck’s constant. Using the values for the constants adopted in the International 
Critical Tables, ie., k = 1.372x10-* erg deg.!; Ny = 6.061 x 10 mol.-'; 
h = 6.554 10-27 erg sec we find that 


(2n)*!2h5!2/N,22h3 = 26130 baryes-deg.-5!* gm.-9!2 


Substituting equation (7) in equation (6) and converting to common logs 
we have 


logiop = —Ay/2.303RT+ (5/2) logy T—H/2.303R+-4.417+(3/2)logi,M (9) 
The pressure p being expressed in baryes. 


Langmuir has shown’ that on the basis of the kinetic theory the rate at 
which vapor comes into contact with the metal is given by 


m = p(M|2xRT)! (10) 


where m is the rate in g cm™ sec", and R is the molecular gas constant (83.15 x 
10* erg. deg.-! mol-). Expressing equation (10) logarithmically and expressing 
p in baryes, we obtain 

logiop = log,)m—(1/2) logy) M+ (1/2) logy, 7+4.359 (11) 

If we assume that every atom of the vapor which strikes the metal con- 
denses, then equation (10) gives the desired relation between the vapor pres- 
sure and the rate of evaporation in vacuum. If, however, a certain proportion r, 
of the atoms of the vapor is reflected from the surface, then the vapor pressure 
will be greater than that calculated from (10) in the ratio 1:(1—r). 

Langmuir" has presented a great deal of evidence in support of the assump- 
tion that the reflection of molecules from the surface of the metal takes place 
to a negligible degree only. Hence we substitute equation (11) in equation (9) 
and obtain 


logiom = 2log,)>M+2log,)7+0.058—H/4.577—A,/4.577T (12) 
Transposing, we have 


Jo[T = 4.577 (2 logy) M+2 log, T+-0.058—log,)m)—H (13) 


* Sackur, Ann. d. Physik. 40, 67 (1913). 
® Tetrode, Ann. d. Physik. 38, 434; 39, 255 (1912). 
1© Langmuir, Phys. Rev. 2, 331 (1913). 
1 Langmuir, Phys. Rev. 2, 332 (1913). 
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Hence, accepting the third law of thermodynamics, we are enabled by means 
of equation (13) to calculate the latent heat of evaporation per gm atom of 
solid metal at the absolute zero from a single measurement of the rate of evap- 
oration of the metal at a known temperature T in vacuum. With the value 
A, determined, we may then calculate the complete curve for the rate of evapo- 
ration as a function of temperature and may convert the rates of evaporation 
to vapor pressures by means of equation (10). 

To evaluate the double integral, H, of equation (13) we proceed as follows: 
Debye’s theory of the specific heat of solids at low temperatures gives us the 
curve for c,, the specific heat of a solid at constant volume, as a function of 
6/T, where 6 is a characteristic temperature for the solid and is proportional 
to » the vibrational frequency of the atoms of the solid. The values of 6 for 
different elements are given by F. Simon and the values of the Debye integral 


T T 
F= f (aT/T*) [ c,aT 
0 0 


are given as F/T in tables in Volume 10 of the Handbuch der Physik (Julius 
Springer, Berlin, 1926). Since we are interested, however, only in the value 
¢,, the atomic heat of the solid at constant pressure, we add a correction equal 
to the double integral of (c,—c,) which may be calculated from data on the 
linear expansion and the compressibility. It may be shown thermodynamically 
that 
¢,—¢, = 9a VT/B (14) 
where a is the coefficient of linear expansion, V the atomic volume and £ the 
compressibility. The quantities a and 8 have been measured for most sub- 
stances at room temperature, but they are functions of the temperature and 
there is considerable uncertainty in making the calculation at low temperatures. 
Lindemann and Magnus" have proposed the empirical equation 
6,—C, = aT? (15) 
where a is calculated at ordinary temperatures from the measured values of 
a and £. Equation 15 is a very rough approximation, but the total value of the 
correction term is usually about one per cent and is nearly negligible in all cases. 
Hence we may write 
H = F+(4/15)aT*? (16) 
The Debye theory leads to a limiting value of c, = 3R cal. (g. atom)? de- 
gree“!, It has been shown experimentally, however, that c,>3R for nearly 
all metals at high temperatures and is approximately a linear function of the 
temperature. We therefore plot all the experimental data on the specific heat 
¢, of the solid and obtain the equation of the straight line which best fits the 


™ F. Simon, Zeits. f. Phys. Chem. 109, 138 (1924). 
13 Lindemann and Magnus, Zeits. f. Electrochem. 16, 269 (1910). 


Google 


30 Rates of Evaporation and the Vapor Pressures 


data. The temperature at which c, (Debye) plus (c,—c,) meets the curve 
through the experimental data on specific heats we call 7,. Values of the 
double integral, H, in equation (13) for temperatures less than 7, are evaluated 
from the tables plus the double integral of the correction term (c,—c,). 

To obtain the value of H in equation (13) for temperatures greater than 
T>, we add to the value determined up to 74, i.e., T = T, in equation (16), 
the value of the.double integral of the specific heat curve between the limits 
T, and 7;, i.e., 

a q 
J (@T/T*) | dT =G 
qT 0 

Since all values of m, the rate of evaporation in gm cm~* sec”! have been 
measured at temperatures 7, greater than 7, in the cases which we are con- 
sidering equation (13) may be written 


(4o/T) = 4.577(2logy) M+ 2 log, T-+.0.058—log,gm)—F—(4/15)aT32—G (17) 


Specific heats. The specific heats of solid tungsten’, molybdenum", pla- 
tinum'*, nickel!’, iron'*, copper!® and silver? at constant pressure have been 
measured by a number of investigators. 

If we express the atomic heats of the solids by a general equation of the 
form 


co = N+ZT (18) 


where T is the absolute temperature we find from the plots of the experimental 
data that the values of the constants for the various metals are those given in 
Table I. 


4 Tungsten: Pirani, Verh. d. Phys. Ges. 14, 1037 (1912); Corbino, Phys. Zeits. 13, 375 (1912); 
Worthing, Phys. Rev. 12, 199 (1918); Smith and Bigler, Phys. Rev. 19, 268 (1922); Smith and 
Bockstahler, Proc. Nat. Acad. Sci. 10, 386 (1914); Phys. Rev. 25, 677 (1925); Geahr, Phys. Rev. 
12, 396 (1918). 

18 Molybdenum: Stiicker, Wien. Ber. 114 (2a) 657 (1905); Richards and Jackson, Zeits. f. Phys. 
Chem. 70, 414 (1910); Wiist, Verh. Deutsch. Ing. Forschungsarb No. 204 (1918). 

16 Platinum: White, Phys. Rev. 12, 438 (1918); see also Wiist, loc. cit. 15. 

17 Nickel: Wiist, loc. cit. 15; Schiibel, Z. Anorg. Chem. 87, 81 (1914); Schimpf, Z. Phys. Chem. 
71, 257 (1910); Weiss and Beck, ¥. Physique 7, 299 (1908); Pionchon, Comptes rendus. 103, 1122 
(1886); 106, 1344 (1888); Richards and Jackson: loc. cit. 15; Tilden, Proc. Roy. Soc. 71, 220 (1903); 
Phil. Trans. A201, 37 (1903); Schlett, Ann. d. Physik. 26, 201 (1908). 

18 Tron: Wiist, loc. cit. 15; Griffiths and Griffiths, Trans. Roy. Soc. London 214A, 319 (1914); 
Schiibel, loc. cit. 17; Weiss and Beck, ¥. Physique 7, 299 (1908); Diirrer, 17 S. Diss. Aachen (1915). 

19 Copper: Wiist, loc. cit. 15; Griffiths and Griffiths, loc. cit. 18; Schiibel, Joc. cit. 18; Nac- 
carri, Atti di Torino 23, 107 (1887-8); Nernst and Lindemann, Berl. Sitzber 1160 (1912); J. W. 
Richards, Chem. New. 68, 58, 69, 82, 93 (1893); Le Verrier, Comptes rendus 114, 907 (1892); 
Harper, Bull. Bur. Stds. 11, 259 (1915); Magnus, Ann. d. Physik. (4) 31, 597 (1910). 

*° Silver: Wiist, loc. cit. 15; Griffiths and Griffiths, Proc. Roy. Soc. A88, 549 (1913); Phil. 
Trans. 213A, 119 (1913); Schiibel, loc. cit. 17; Eastman, Williams and Young, ¥. Am. Chem. 
Soc. 46, 1178 (1924); Le Verrier, loc. cit. 19; Pionchon, Ann. Chim. Phys. (6) 11, 33 (1887); 
Comptes rendus. 102, 675, 1454 (1886); 103, 1122 (1886); Tilden, Joc. cit. 17; Nernst and Lin- 
demann, loc. cit. 19. 
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For tungsten, the value of c, (Debye) plus (c,—c,) equals 6.05 at 900°K 
and ¢, calculated by equation (18) equals 6.05 at 900°K so that T, equals 900°K. 
For tungsten Simon gives 6 = 306°K. 

The values of 7, and @ for the other metals obtained in a similar manner 
are given in Table I. 


Tape I 


Constants in Equation (18) for c, 








N | Zz | T. 6 
Tungsten . 1... 4.70 | 0.0015 | 900 306 
Molybdenum... . | 4.88 0.00248 | 360 | 360 
Platinum ...... |. 5.40 0.0017 220 220 
Nickel 2.0.2... 4.39 | 0.00411 300 375 
Irn 2... ee 4.39 0.00405 300 390 
Coppr ....... | 5.33 ! 0,006 300 | 315 


Silver... 2. ee | 5.44 | 0.00194 | 300 i 390 


We may write equation (17) in the general form. 
Ao/T = A—B log.) T—C log,>m—DT—E/T (19) 


Using the data from Table I, we have tabulated the values of the constants 
for the different metals in Table II. 


Tasre II 
Constants in oe (19). for A,/T 


Metal 4 | B | Cc) | D ae K 33 do ah ee dp | Tm | BP. 





w |44.510) 1.666 j | 4.577 | “0.00075 : 80 3.227 | 191,880 180,680 11 ,200| 3655 6970 





Mo 44. “719 2.076 | 4.577 | 0.00124 | 457 | 3.368 | 146.000 | 137,620 8380) 2895 | 5960 
Pt | 48.023; 3.276 4.577 | 0.00085 | 340 | 3.214| 124,750 | 119,490 5260' 2045 | 4800 
Ni |40.218, 0.971 | 4.577| 0.00206 | 400 | 3.475 | 89,440 | 85,100 4340! 1725 ' 3650 


Fe | 40.231: ; 0.971 | 4.577 | 0.00203 
Cu 44.638, 3.126 4.577 | 0.00080 


Ag | 45.836, | 3.396 | 4.57 0.00097 


240 | 3.486 | 89,025 | 86,350 2675) 1808 3475 
370 | 3.458 82,060 | 79,310, 2750, 1356 | 3110 
382 | 3.343 | 71,320 H 68,690 2630) 1234 | 2740 





Langmuir! and Zwikkert have measured the rate of evaporation of tung- 
sten filaments in vacuum. 

Langmuir’s temperature data were based upon the candle power relation 
previously given by him, i.e., 

11,230 (20) 

7.029 — logy)C’ 

We find that these data come into agreement with Zwikker’s more recent 
data when the Langmuir temperatures are corrected by means of the equation 


T= 
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which expresses the latest data on the candle power of tungsten as a function 
of temperature’, i.e., 

10,957 
6.797 —10g,.0" (21) 

Langmuir and Mackay* have measured the rate of evaporation of molyb- 
denum and platinum filaments in vacuum. The platinum temperatures were 
based upon equation (20) so that these temperatures may be corrected by means 
of equation (21). 

They actually photometered molybdenum filaments and multiplied the 
observed values by the ratio of the assumed emissivities (0.514/0.529) to obtain 
the candle power of tungsten, the curve of which furnished the temperature. 
Hence their temperatures are corrected by calculating the candle power for 
tungsten from Langmuir’s old relation, i.e., equation (20) for the tempera- 
tures given in their paper. These calculated candle powers for tungsten are 
then multiplied by (0.529/0.514) to obtain the candle power of molybdenum 
actually observed. These observed values of candle power are then substituted 
in the equation expressing the candle power of molybdenum as a function 
of temperature which we have derived from Worthing’s** measurements. The 
nickel and iron data are based solely upon the unpublished measurements 
made by Langmuir and Mackay on the rate of evaporation of filaments in 
vacuum, 

They determined the temperatures of nickel and iron filaments by an optical 
pyrometer which was calibrated against a tungsten standard in the red (A = 
0.665). The nickel and iron temperatures were calculated by means of Wien’s 
equation from the known relation between the emissivities of the two metals 
for A = 0.6654. They assumed the emissivities to be constant for 4 = 0.6654 
and equal to 0.46, 0.36, and 0.36 for tungsten, nickel and iron respectively. 

Worthing and Forsythe* have shown that the emissivity of tungsten is not 
constant in the red so that the temperatures calculated have been corrected 
for the latest data on the emissive power of tungsten in the red (A = 0.665,). 

The copper and silver data are based upon the measurements by Langmuir 
and Mackay together with several measurements by Rosenhain and Ewen** 
of the loss in weight of copper and silver rods in a high vacuum electric furnace. 
We have used the values given by Forsythe and Worthing for the emissivity 
of tungsten in the red and the values™ EF, = 0.11 and 0.07 for copper and silver 
respectively (for 4 = 0.665) to calculate the true temperatures. Rosenhain 
and Ewen used a platinum, platinum-rhodium thermocouple imbedded in 
the copper or silver rods for temperature determinations and in this way prob- 
ably attained a high order of accuracy. 

“8 Worthing, Phys. Rev. 28, 190 (1926). 
™ Burgess and Waltenburg, Bull. Bur. Stds. 11, 591 (1915). 


® Rosenhain and Ewen, J. Inst. Metals 2, 8, 149 (1912). 
* Foote and Fairchild, Trans. Amer. Inst. of Min. & Met. Engrs., p. 1404 (1919). 
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The values of 4, calculated from the data for tungsten are given in Table 
III. Col. 1 gives Langmuir’s original temperatures calculated by equation 
(20); col. 2, the corrected temperatures calculated by equation (21); col. 3, 
the experimental rates of evaporation in gm cm-*' séc~; col. 4, the values of 
A, calculated by means of equation (19) while col. 5 gives the method used 
in the determination of (m). 


























Tasre III 
Values of 4g Calculated from the Data for Tungsten 
7 Langmuir Zwikker 
t 2 3 4 5 6 7 8 
Od OEE COR TOD) aa 5cA0° | ~ Method | TEMP-Of| gm 108 as 

2440°K 2518°K | 0.0020 | 193,000 | Weight 2389°K | 0.000115 | 197,200 
2522: 2610 0.0059 | 191,900 + 2510 0.00099 196,100 
2800 + 2913 0.39 189,000 | Resistance | 2614 0.00525 196,400 
3136 | 3300 30.0 187,700 . 2637 0.00621 198,700 
2738 | 2852 0.151 | 193,300 “ 2657 0.00969 195,200 
2825 | 2950 0.52 192,400 * 2759 0.0427 194,300 
2825 1 2950 0.59 191,800 | Weight 2887 0.293 192.000 
2875, 3000 1.01 191,800 | Resistance | 2889 0.275 192,300 
2875 | 3000 1.14 191,000 | Weight 3017 1.28 191,400 
2925 | 3060 1.73 191,900 | Resistance | 3108 3.47 190,700 
2925 | 3060 2.33 190,200 | Weight 3124 3.82 190,800 
2930 j; 3066 1.84 191,900 | Resistance | 3129 | 4.69 189,800 
2930 | 3066 2.45 189,800 | Weight 3132 4.69 190,000 

3137 4.95 190,300 

: | Average = 191,880 








Column 6 and column 7 give Zwikker’s experimental values of temperature 
and the rate of evaporation respectively, while column 8 gives the values of 
4, which we have calculated from his data by means of equation (19). 

The values of 4, calculated from the data of Langmuir and Mackay for 
molybdenum are given in Table IV. Column 1 gives their original temperatures ; 
column 2, the temperatures corrected in the manner described above; column 3, 
the experimental rates of evaporation in gm cm“ sec"! while column 4 gives 
the values of 4, calculated by means of equation (19). 

The values of 4, calculated from the data of Langmuir and Mackay for 
platinum are also given in Table IV. Column 5 gives their original temper- 
atures; column 6, the corrected temperatures; column 7, the experimental 
rates of evaporation in gm cm™ sec! while column 8 gives the values of 2, 
calculated by means of equation (19). 

The values of 4, calculated from the data of Langmuir and Mackay for 
nickel and iron are given in Table V. Column 1 gives the true temperature 


8 Langmuir Memorial Volume IX 
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Tasie IV 
Values of Ay Calculated from the Data for M olybdenum and Platinum 
7 Molybdenum i Platinum = 
1 | 2 3 4 | 5 | 6 i ae ak ae 
Oldtemp. Corr.temp ! Oldtemp. Corr. temp 
of fil. of fil. | ™* 10" 4 of fil. | of fil. in wf % 
1994°K | 2070°K 0.00766 | 149,200 | 1682°K 1697°K | 0.00617 | 124,400 
2040 2118 {| 0.0305 | 146,700 1710 1728 ie 0052 125,200 
2112 2200 0.124 | 146,500 1800 1823 | 0. 0695 124,500 
2121 2215 0.111 | 146,400 1890 1918 ' 0.373 | 124,500 
2220 = ' 2325 0.630 146,600 1912 1942 0.503 : P 124,700 
2287 2388 1.74 i 145,500 1982 2016 1.32 | “125,200 
2312 | 2430 3.29 145,000 2000 2035 1.88 ; 1 24,800 
2326 2455 3.65 145,800 | Average 124,750 
2350 2480 6.49 144,300. : 
2373 2504 «| 8.47 ! 144,200 | ' ! 
| Average | 146,000 | | 














of the nickel in degrees Kelvin; column 2, the experimental rates of evaporation 
in gm cm-* sec“, while column 3 gives the values of 4, for nickel calculated 
by means of equation (19). Column 4 gives the true temperature of the 
iron in degrees Kelvin; column 5 the experimental rates of evaporation in gm 
cm-? sec“!, while column 6 gives the values of 4» for iron calculated by means 
of equation (19). These data for nickel and iron were obtained by the loss in 
weight method only. 














TaBLe V 
Values of A, Calculated ree ioe Data for Nickel aud Iron 

Nickel a ‘Tron ..- 
1 | 20 3 ge 5 6 

_ ft <i = : | ee ‘ = 

True temp. | | | ‘True temp. 
of fil, | ™ xO a | of fil, j | 10" % 
1318°K ! 0.03 90,400 | 1270K | 0.013 | 89,800 
1409 0.604 88,000 1438 0.852 89,100 
1532 | 3.77 } 89,600 ; 1562 9.66 | 88,600 
1544 | 4.38 89,700 1580 ' 13.4 i 88,600 
1602 14.2 _89,500 | ( Average! 89,025 
| Average 89,440 i | 





The values of 4) calculated from the data on copper and silver are given 
in Table VI. Column 1 gives the author; column 2, the true temperature of 
the copper in degrees Kelvin; column 3, the experimental rates of evaporation 
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in gm cm~ sec“, while col. 4 gives the values of 4, for copper calculated by 
means of equation (19). Column 5 gives the author; column 6 the true 
temperature of the silver in degrees Kelvin; column 7, the experimental rates 


Tasis VI 
Values of 4, Calculated from the Data for Copper and Silver 




















Copper ' Silver 

1 | 2 3 4 5 ge a te ig 

Author Sra | m x 10 dg Author ae mx10® Ag 
Land M 1186°K 0.0292 | 80900 , Land M | 1167°K | 1.54 { 70600 
i 1298 0.426 | 81600 | 1198 2.11 | 71800 
Rosenhain 1288 0.236 =| 82350 | 1234 3.81 | 72300 
and Ewen 1288 0.293 | 81600 | Rosenhain 1143 0.82 | 70750 
is 1288 0.151 83500 and Ewen | 1143 0.569 | 71600 

is 1288 0.229 | 82400 | . | 1143 0.75 | 70900 

7 i | 1143 0.639 | 71300 

Average . 82060 | i$ | 1143 1.06 | 70200 

: “: | 1143 0.472 | 72000 

7 , 1143 0.476 =| 72000 

» | 1143 0.60 | 71500 

3 1143 | (0,521 71750 

is | 1143 0.919 | 70500 
| | \ os 

| ! ; Average 71320 











of evaporation in g cm™ sec™?; while column 8 gives the value of A, for 
silver calculated by means of equation (19). These data for copper and silver 
were obtained by the loss in weight method only. 

Substituting the average value of A, for the metal in equation (19) the equa- 
tion expressing the rate of evaporation of the solid in g cm™? sec"! in vacuum 
becomes in general form 


A A+E B DT 





logiom =C¢ CT ¢ logioT— Cc. (22) 
From equation (10), it follows that 
log,om = log,.p—K—0.5 log,» T (23) 


where K is a constant depending on the metal and the units in which p is 
expressed. Expressing p in baryes, the values of K for the various metals are 
those given in Table II. 

Substituting equation (23) in equation (22) we obtain for the equation 
expressing the vapor pressure of a metal in baryes 





_A AtE [B DT ; 
logiop CG tK-— oF (2 0. 3) logis? — (24) 


3° 
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Tables VII and VIII contain the calculated values of m, the rate of evapo- 
ration in g cm sec"! and p, the vapor pressure of these metals in baryes at 
100° intervals. 

Since Ay = 4,+4y where 4, is the latent heat of evaporation per gm atom 
of the liquid and assuming that the equation which expresses the atomic heat 
of the solid as a function of temperature applies also to the liquid, we may write 
the equation expressing the rate of evaporation of the liquid in g cm-? sec™ in 
general form 

log,gm, = 4 _ Att = 7 logyo7— elles or (25) 

Similarly we may write the equation expressing the vapor pressure of the 

metal over the liquid in baryes in the general form 


A Ap +E DT 
logieps = G+K— Gy — Tp —(B—0.5)logigpT— 7 (286) 





The values of do, 4,, Ap and 7,, used to calculate the rates of evaporation 
and the vapor pressures of the liquids are given in Table II. 

It was found by plotting the latent heats of fusion 4, of metals as given 
by the International Critical Tables against the melting point in degrees Kelvin 
that the heat of fusion is roughly proportional to the melting point. We have, 
therefore, used this method to estimate the heats of fusion for tungsten and 
molybdenum. Experimental data are lacking on these metals, but we believe 
that the values 11,200 and 8380 cal g atom! for tungsten and molybdenum 
are probably within ten per cent of the true values. 

For example, if the value chosen for the heat of fusion of tungsten is high 
by ten per cent, the calculated values of m, and p, will be correct at the melt- 
ing point, but would be high by about 8 per cent at the boiling point. 

In view of the assumption that the atomic heat of the liquid is the same 
function of the temperature as that of the solid, we have calculated the possible 
error if the atomic heat of the liquid remains constant up to the boiling point. 
For example if the atomic heat of liquid tungsten remains constant between 
the melting and boiling points, the values of m, and p, which we have calculated 
would be low by about 13 per cent at the boiling point (6970°K). Hence the 
data for the liquid metals are probably correct at the melting points and have 
a probable error of 10-15 per cent at the boiling points. For this reason, the 
calculated values are tabulated at 200° intervals and are given to two significant 
figures. The differences between values of m, or p, for adjacent temperature 
points are usually known more accurately than the absolute value at one point. 

Table IX contains data on the vapor pressure of metals which have been 
published by other investigators. Column 1 gives the metal; column 2, the 
absolute temperature; column 3, the vapor pressure of the metal; column 4, 
the calculated latent heat of evaporation of the liquid; while column 5 gives 
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Taste VII 


Values of the Rate of Evaporation m and the Vapor Pressure p of Tungsten, 
Molybdenum and Platinum 
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TK |. Tungsten TT Molybdenum Platinum 

m p m | bd ‘ mm p 
500 | | 
600 | 
700 | 
800 1.29x 10-* | 5.99 x 10-# 
900 7.21 x 10- | 3.55 x 10-1" 
1000 ” 1.37x 10 | 1.01 x 10-2 | 6.70x10-* | 3.47x 10-8 
1100 "9.77 10- | 7.57x 1077 | 1.811077 | 9.80x 10-8 
1200 | 3.22x10-" | 1.88x10-™ | 2.44x10-* | 1.97x 107" | 2.06x 10- | 1.17x 107 
1300 | 1.34x 10-™ | 8.13 10- | 2.53x 10-27 | 2.13x 10- | 9.73x10-™ | 5.74% 10-* 
1400 | 2.50x10-* | 1.57x 10-7 | 1.29x10-™ | 1.13 10-2 | 2.92x10-* | 1.79x 10-7 
1500 | 2.36 10-* | 2.86x10-% | 3.81107 | 3.44x10-* | 5.23x10-" | 3.31x10-* 
1600 | 1.24 10-18 | 8.6110 | 7.60x10- | 7.09x10-* | 6.56x 10-2 | 4.24x 10-5 
1700 | 4.16 10-27 | 2.89x 10 | 1.05x10- | 1.01x10-7 | 6.18x10-* | 4.18x 10-4 
1800 | 9.46 10- | 6,.75x 10-2 | 1.06107 | 1.05x10-* | 4.42x10-* | 3.07x10-* 
1900 | 1.47x 10 | 1.18x10-* | 7.52x 107 | 7.64x10-* | 2.57x10-7 | 1.83x 107 
2000 | 1.75x10-* | 1.32x10-* | 5.34x10-* | 5.58x10-* | 1.24x10-* | 9.07x 10-8 
2100 | 1.58x 10 | 1.22x10-7 | 2.82x10-* | 3.01 x 10-8 
2200 | 1.25x 10" | 9.89x 10-7 | 1.30x10-7 | 1.43x10-? | 17x10, 1.3 
2300 | 7.82x10-" | 6.32x10-* ; 5.00x10-7 | 5.60x10-* 
2400 | 4.36x 10-1 | 3.52x10-* | 1.80x10-* | 2.05x10-2 | 1.5x10-* | 1.2x108 
2500 | 2.03x10-* | 1.71x10-* | 5.62x10-* | 6.58x 107 
2600 | 8.79x10-* | 7.57x10-* | 1.57x10-* | 1.87 | 8.5x10-" | 7.1.x 108 
2700 | 3.17x10-* | 2.77x10-  4.18x10-* | 5.07 
2800 | 1.12x10-? | 9.99x10-* | 1.04x10-* [12.8 4.0x10-* | 3.4x 108 
2900 | 3.45x10-7 | 3.18x10-* , 2.35x10-* [29.5 
3000 | 9.69x10-? | 9.09x10-* | 5.0x10-* = |64. 1.5x10-* | 1.3x 108 
3100 | 2.66x10-* | 2.51x 1071 
3200 | 6.67x10- | 8.06x10 | 1.8x10-? | 2.4x108 45x10 | 4.2.x 108 
3300 | 1.60x10-* | 1.55 ! 
3400 | 3.55x10- | 3.49 '5.6x10-* | 7.7x108 1.2x10-? 1.1.x 104 
3500 | 7.57x10-* | 7.55 ! : 
3600 | 1.55x10-* |15.7 1 45x10 | 24x10? | 2.8x1078 | 2.7x 108 
3655 | 2.28x10-* '23.3 
3800 | 5.6x10-* = |58. .3.5x10-% | 5.1x10® | 5.9x10-2 | 5.9 x 108 
4000 1.7x10-* 1.8x 10? 77x10 | 141x108 | 1.2 | 1.2.x 108 
4200, | 4.7x10-* | 51x10? | 1.5x10-? | 2.3x 106 241 2.2 x 108 
4400) | 1.1x10-* | 13x10 2.8x107 | 43x 104 3.6 3.9.x 108 
4600 26x10 | 2.9x10 | 4.7x107 =| 75x10" =| 5.8 | 6.4.x 108 
4800 | 5.2x10-* | 6.1x10 7.7x107? | 1.3108 8.9 BP. | 1.0x108 
5000 | 1.0x10-2 5 1.2x10* =, 1.2 | 20x10 =| = B.P. = 4800°K 
5200 18x10? | 2.2x10' | 1.8 3.0.x 108 
5400 | 3.2x102 | 39x10" | 2.5 143x108 | 
5600 | 54x10 | 68x10! = 3.5 * 6.1 108 
5800 | 86x10? [1.1108 | 4.6 1 8.2.x 108 
6000 | 1.3 117x108 5.6 BP. 1.0 x 10* 
6200 | 2.0 2.6 x 108 B.P. = 5960°K 
6400 | 2.8 | 3.8x 10° 
6600 40 !5.5x10 
6800 | 5.6 | 8.8.x 108 
6970 | 7.1 BP. 1.0x 108 

B.P. = 6970°K 
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the calculated latent heat of evaporation of the solid at the absolute zero. These 
are both expressed in cal. (g atom). Equation 26 which assumes the third 
law of thermodynamics was used to calculate the values A, and 4). The refer- 
ences to the original papers are given in column 6. 

Except for the value given by Greenwood for the boiling point of iron, the 
values of A, in Table IX for nickel and iron are seen to be in fair agreement 
with those in Table V. 


Taste IX 
Values of the Vapor Pressure and Latent Heat of Evaporation of Various Metals 




















Metal! T°K | P(baryes)| 4, | 4 |Ref| Metal | T°K | P(baryes)| 4, a [Ref 

Nickel , 2789 | 5.1 x 10* | 86,000/ 90,340] 25] Copper | 2138 | 2.0x 10* | 73,000] 75,750 | 33 
| 2777 | 4.8.x 10* | 86,100! 90,440] 25 2328 | 1.4x10* | 70,500] 73,250 | 33 
2895 | 7.4 x 10 | 86,700! 91,040] 25 2348 | 1.4x 10° | 71,000; 73,750 | 33 
2613*) 4.0x 10* | 82,700) 87,043] 25 2643 | 1.0x10* | 68,700) 71,450 | 33 

Iron | 2925 | 4.0x 10 | 94,300) 96,975| 26| Silver | 1933 | 1.4x10* | 57,600] 60,230 | 34 
2723*| 4.0 x 10* | 88,900) 91,575] 26 2053 | 3.5x 108 | 57,000] 59,630 | 34 
2723 | 1.0x 105 | 71,400] 74,075) 27 2228 | 1.0x 10* ' 56,800] 59,430 | 34 

Copper 810 | 6.7x 10-¢ 58,200) 28 | 1933 | 1.4 10* | 57,650, 60,280 | 35 
: 2373 | 1.0 10* | 60,300) 63,050) 29 | 1953 | 1.6x10* | 56,800) 59,430 | 35 
| 2253 | 1.3 x 10% | 68,000! 70,750! 30 2031 | 2.7x10* | 57,600] 59,230 | 35 
2453 | 3.4x10* | 68,800, 71,550] 30 2083 | 4.0x 108 | 57,300] 59,930 | 35 
' 2583 | 1.0.x 10® | 66,700] 69,450] 30 2213 | 9.9x 108 | 56,400} 59,030 | 35 
2148 | 2.7.x 10* | 71,900) 74,650) 31 1000 | 1.5x 1072 60,600 | 36 
| 2378 | 1.7.x 10* | 70,600, 73,350) 32 1453 | 1.9x10* | 63,100} 65,730 | 37 
| 2443 | 2.8x 108 | 69,700! 72,450) 32 1589 | 1.1x10* | 63,200| 65,830 | 37 
| 2488 4.0 x 108 | 69,000) 71,750) 32 1708 | 5.2x10* | 62,400} 65,030 | 37 
2518 | 5.4 x 10* | 68,300, 71,050] 32 | 23734) 1.0x 108 | 60,100] 62.730 | 37 
j 2573 | 1.0x 10* | 66,600] 69,350) 32 | 


























* Estimated by the authors for the pure metals as they believe the first results are in error 
due to a small amount of carbon being present. 
+ Estimated by von Wartenburg. 


™ Ruff and Bormann, Zeits. f. Anorg. Chemie 88, 386 (1914). 
* Ruff and Bormann, Zeits. f. Anorg. Chemie 88, 397 (1914). 
37 Greenwood, Proc. Roy. Soc. (London) 82, 396 (1909). 
38 Mack, Osterhof and Kraner, ¥. Am. Chem. Soc. 45, 617 (1923). 
3° Fery, Ann. chim. phys. (7) 28, 428 (1903). 
3° Greenwood, see ref. (3) also Zeits. f. Phys. Chemie 76, 484 (1911) and Zeits. f. Electro- 
chemie 18, 319 (1912). 
*1 Ruff and Mugdan, Zeits. f. Anorg. Chemie 117, 157 (1921). 


Ruff and Bergdahl, Zeits. f. Anorg. Chemie 106, 76 (1919). 


*3 Ruff and Konschak, Zeits. f. Electrochemie 32, 515 (1926). 
34 See Refs. 27 and 30. 


35 See Ref. 


32. 


* Piersol, Phys. Rev. 23, 785 (1924). 
37 H. von Wartenburg, Zeits. fiir .Electrochemie 19, 482 (1913). 
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There is, however, a large discrepancy between the values of A, calculated 
for copper and silver in Table IX and those given in Table VI. 

However, if we plot log,op...+(B/C—0.5)log,.7+DT/C against 1/T for 
the data on copper and silver in Table IX, we find that straight lines having 
the slopes that we have already used (i.e., 17,330 and 15,010 for copper. and 
silver respectively) fit the data as well as any other straight line that could be 
drawn. Thus the discrepancy between these data of Table IX and those of 
Tables VII and VIII represents a parallel displacement of the semilog plot 
against 1/7. An error of the temperature obtained by optical pyrometers, such 
as would be caused by a wrong value for the emissivity, would produce this 
kind of parallel displacement. 

We have recently performed several experiments in which nickel, copper 
and silver were caused to evaporate rapidly when heated by an atomic hydro- 
gen flame** from a 60 ampere arc between tungsten electrodes. A known weight 
of nickel was melted in a magnesia cupel and heated rapidly to 2869°K by 
holding the atomic hydrogen flame on a portion of the melted surface. The 
temperatures were measured by an optical pyrometer with a red screen (A = 
0.665). After a measured interval of time, the sample was cooled quickly and 
the rate of loss in weight per unit area determined. The emissivity of liquid 
nickel was assumed to be E, = 0.36 for 2 = 0.665y. 

The rate of evaporation of nickel heated to 2869°K in hydrogen was found 
to be 0.0188 as great as the rate of evaporation in vacuum as given in Table VIII. 
This evaporation factor is of the same order of magnitude as has been found 
for the evaporation of tungsten filaments in gas filled lamps, as compared with 
evaporation of similar filaments in vacuum**. A filament 0.0254 cm diameter 
in nitrogen at about atmospheric pressure evaporated 0.023 as fast as in vacuum. 
An equation given by Fonda indicates that this evaporation factor would ap- 
proach 0.0018 for wires or rods of very large diameter. The higher diffusion 
coefficient in hydrogen and the effect of the blast of hydrogen seem adequate 
to explain the fact that our evaporation factor is ten times as great. 

Copper and silver were evaporated in a similar manner, and, using the values 
E, = 0.11 and 0.07 for liquid copper and silver respectively with the evapo- 
ration factor 0.0188 obtained from the experiments on nickel, we obtained 
rates of evaporation of these metals which agreed well with the rates calculated 
from the measurements obtained on the evaporation of filaments and rods. 
The accuracy of our temperature data is supported by the work of Rosenhain 
and Ewen who used thermocouples for temperature measurements. 

The data from the rather crude experiments using the atomic hydrogen 
flame are summarized in Table X. Column 1 gives the metal; column 2, the 
calculated boiling point of the metal; column 3, the maximum surface tem- 
perature which we succeeded in obtaining; column 4, the energy loss by radia- 
“Langmuir, Gen, Elec. Rev. 29, 153 (1926) also J. Ind. Eng. Chem. 19, 667 (1927). 

** G. R. Fonda, Phys, Rev. 21, 343 (1923). 
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Tasts X 


Values of the Energy Losses by Radiation and Evaporation from Nickel, Copper 
and Silver Surfaces 














1 2 | 3 4 | 5 | “6 
° Max. temp. | |W (evap.) 
Metal | B.P.°K. | °K | W (rad.) | W (evap.) "WP (otal) 
Nickel 3650 2869 140 60 0.30 
Copper . . . 3110 2838 37 300 0.865 
Silver... . 2740 2665 20 328 0.943 














| 


tion in watts per cm; column 5, the energy loss by evaporation in the same 
units; while column 6 gives the ratio of the energy loss by evaporation to the 


total energy loss. 
The writers take pleasure in extending their thanks to Dr. S. Dushman 


for many helpful suggestions. 


S 
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THE EVAPORATION, CONDENSATION AND 
REFLECTION OF MOLECULES AND THE MECHANISM 
OF ADSORPTION 


Physical Review 
Vol. VIII, No. 2, August (1916). 


IN A RECENT paper R. W. Wood! describes some remarkable experiments in 
which a stream of mercury atoms is caused to impinge upon a plate of glass 
held at a definite temperature. With the plate at liquid air temperature all the 
mercury atoms are condensed on the plate, whereas with the plate at room 
temperature all the atoms appear to be diffusely reflected. Wood seems to 
consider that this is a real case of reflection. 

There is, however, another way of interpreting the experiments, which, 
I think, is more in harmony with other facts than that suggested by Wood. 

We may, for example, consider that all the atoms of mercury which strike 
the plate condense no matter what the temperature of the plate. When the plate 
is at the higher temperatures the condensed atoms may re-evaporate again so 
rapidly that the surface remains practically free from mercury. At first sight 
it might appear that there is no essential difference between this re-evaporation 
and a true reflection, but more careful consideration shows that the two 
phenomena are quite distinct. The difference would be manifest if the 
so-called reflection were studied at intermediate temperatures. In the case 
of reflection the number of atoms reflected would always be proportional to 
the number striking the surface, whereas, according to the re-evaporation theory, 
the number leaving the surface can never exceed the normal rate at which 
mercury evaporates into a perfect vacuum. 


Wood states that he intends to undertake experiments at intermediate 
temperatures, and in view of this I should be loath to take up a discussion of 
the matter at present if it were not for the fact that much of my work during 
the last few years has had a very direct bearing on the question of the conden- 
sation versus the reflection of gas molecules®. 


[Epitor’s Note: This paper appears as Chapter Fifteen in the author’s book, Phenomena, 
Atoms and Molecules, Philosophical Library, 1950.] 

1 Phil. Mag. 30, 300, 1915. 

2 In this connection, for the sake of historical accuracy, attention may be called to the 
fact that the rectilinear propagation of molecules in vacuo, which Wood and Dunoyer (Comptes 


[42] 
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As a result of this work, which I shall briefly describe in the following pages, 
I have gradually become convinced that molecules and atoms of all kinds show 
little or no tendency to be reflected from a solid surface against which they 
strike. In the case of metal vapors condensing on the corresponding metals, 
the evidence seems to indicate that not over one atom per thousand is reflected, 
if indeed, there is any reflection whatever. However, with molecules of the 
so-called permanent gases striking surfaces covered with adsorbed films of 
gas molecules, there is some evidence that a certain amount of reflection may 
occur. When hydrogen molecules strike a hydrogen covered surface at high 
temperatures it is possible that as many as 81 per cent of the molecules are 
reflected. There is reason to believe that this represents the maximum possible 
degree of reflection and that with gases other than hydrogen and helium, the 
amount of reflection is always less than 50 per cent, no matter what may be 
the nature of the solid surface. 


I. Experimental Data 


Evaporation and Condensation. In connection with an experimental deter- 
mination of the rate of evaporation of tungsten filaments in a high vacuum! 
the following relation between the vapor pressure p and the rate of évaporation 
m (in grams per sq. cm per second) was derived from the principles of the 
kinetic theory 


m = (1—r) V oar p- (1) 


Rendus, 152, 593, 1911) have described, has long been familiar to incandescent lamp manu- 
factures not only in the case of tungsten lamps, but also with carbon lamps. Professor W. A. 
Anthony, in a paper read before the American Institute of Electrical Engineers at New York 
in 1894, described this phenomena as follows (Trans. Amer. Inst. Elect. Eng. 11, 142, 1894): 
“In the old Edison lamps the filament was copper-plated to the platinum wires. When a break 
in the filament occurred near the junction, the arc vaporized the copper and covered the bulb 
with a coating of metallic copper, except that a line of clean glass was often left on the side 
opposite the break, the line being the shadow of the unbroken leg of the filament. . . . The 
plain old-fashioned unpretentious vapor tension that bursts our steam boilers is all-sufficient 
to account for this rectilinear projection across the lamp bulb when there is nothing in the 
way.’’ In the very active discussion which followed, Professor Elihu Thomson said ‘I am 
confident that I have seen it (this phenomenon) in series lamps when the carbon broke. In 
a good vacuum the carbon vapor condensing would give rise to particles which would move 
in rectilinear paths. The shadow effect is dependent on a local evolution of vapor, with a part 
of the wire or filament between the point of evolution and the opposite glass surface. I am also 
confident that I have seen platinum shadows.’’ In the further discussion, J. W. Howell said, 
“The molecules of carbon set free by evaporation, fly from the filament as Professor Anthony 
says, in straight lines. They are projected from every part of the filament and. . . cast shad- 
ows on the globes. The reason why they do not cast shadows in most lamps is that the 
filament is not all in one plane.”” Mr. Howell then exhibited to those present, both carbon 
and platinum lamps which showed distinct shadows. 
1 Langmuir, Phys. Rev. 2, 329, 1913, and Phys. Zeitsch. 14, 1273, 1913. 
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Here M is the molecular weight of the vapor, R is the gas constant, and r is 
the coefficient of reflection of the vapor molecules which strike the surface 
of the solid (or liquid). It was stated at that time (1913) that ‘‘There are good 
reasons for believing that the reflection of vapor molecules from the surface 
takes place to a negligible degree only,” and there followed a discussion of 
Knudsen’s results on the heat conductivity of ene at low pressures which we 
shall consider in more detail below. 

The above formula, taking r = 0, was then used to calculate the vapor pres- 
sure of tungsten from the experimental data on the rate of evaporation. 

Subsequently! the vapor pressures of platinum and molybdenum were 
determined by the same method. At that time the question of the possible 
reflectivity was discussed as follows: ‘‘ That the atoms of metal which evaporate 
from a hot wire are not reflected to any perceptible extent upon striking a sur- 
face, has been shown by many experiments in this laboratory. For example, 
if a single loop tungsten filament be heated in a highly exhausted bulb to such 
a temperature that the evaporation is fairly rapid, a dense black coating of 
the metal will be deposited uniformly on the glass. If, however, a screen, say 
of mica, be placed near the filament, that part of the bulb in the ‘shadow’ of 
the obstruction will be perfectly clear with sharp boundaries. This shows that 
the atoms of tungsten travel in straight lines from the incandescent wire to 
the bulb, and that, at least from cold tungsten surfaces, the reflection of the 
tungsten atoms is’ negligible.”” The other evidence referred to here will be 
briefly described in connection with the discussion of chemical phenomena 
and thermionic emission. 

Experiments have been made to determine the vapor pressures of silver, 
gold, iron, copper and nickel by this method, and the results will soon be pub- 
lished. The experiments with silver are of especial interest, since the vapor pres- 
sure of this metal has been determined by von Wartenburg by another method, 
so that the results have served as a test of the correctness of the theory. 

The fact that the reflectivity of mercury atoms from a mercury surface 
at 100°C cannot be very high follows from some work carried out by Hertz 
in 1882.2 Hertz pointed out from theoretical considerations similar to those 
used above, that the rate of evaporation of mercury at 100° into a perfect vacuum 
could not exceed 0.016 gram per sq. cm per second. Experimentally he found 
that a rate of evaporation as high as 0.0018 gram per sq. cm per sec could be 
realized. He considered that this result was merely a lower limit and that the 
true rate of evaporation must lie between the two limits given. If we calculate 
the maximum possible rate of evaporation of mercury at 100°C from equation 
(1), placing r = 0 and p = 368 bars, we obtain m = 0.0117, which is not very 
far from Hertz’s calculated value of 0.016. 


1 Langmuir and Mackay, 4, 377, 1914. 
» Ann. Phys. 17, 177, 1882. 
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From Hertz’s experimental result, together with the value calculated from 
(1), we may conclude that at least 15 per cent of all the mercury atoms striking 
the surface must condense. By closer examination of Hertz’s experimental 
conditions it is readily seen that his result must be much too low and the prob- 
ability thus becomes strong that the amount of real reflection is very small. 

Very recently, however, Knudsen! has accurately determined the rate of 
evaporation of mercury in a high vacuum, and by comparing this with the 
vapor pressure, using an equation similar to (1), he has been able to prove 
conclusively that, with a clean mercury surface, r does not exceed one per cent. 
That is, he finds that all the mercury atoms striking a mercury surface are 
condensed when the surface is at room temperature. 

This result of Knudsen’s, together with Wood’s conclusion that reflection 
is absent when the glass plate is at the temperature of liquid air, indicates that 
there is little or no reflectivity of mercury atoms from either a solid or liquid 
surface of mercury. 

Experiments on the formation of ‘‘shadows”’ in the evaporation of filaments 
in a high vacuum have proved that at least for surfaces at room temperature 
the same conclusion may be drawn regarding the reflectivity of atoms of tung- 
sten, platinum, copper, gold, silver, molybdenum, carbon, iron, nickel and 
thorium. F 

In the case of thorium we have evidence that not even one atom of thorium 
out of millions is reflected when these strike a surface of tungsten at room 
temperature. This result was found in connection with experiments (as yet 
unpublished) on the effect of traces of thorium on the electron emission of 
tungsten. If a filament containing thorium is placed in a bulb close to a pure 
tungsten filament, the electron emission from the latter may be increased from 
10,000 to 1,000,000 fold ‘(according to the temperature) by heating the tho- 
riated filaments so as to distill off a trace of thorium onto the tungsten filament. 
If, however, a screen be placed between the two filaments it becomes impossible 
(in very high vacuo) to raise the electron emission of the second filament by 
this means, although if any reflection of molecules from the surface of the bulb 
should occur it would result in the deposition of thorium on the tungsten fila- 
ment. 

These facts would seem sufficient to establish the following general rule. 

The reflectivity of metal atoms striking surfaces of the same metals at room 
temperature (or lower) is zero. 

The question remains whether the reflectivity is still zero when the surfaces 
are at higher temperatures and when surfaces other than that of the metal are 
concerned. Knudsen’s work with mercury has shown that the reflectivity with 
this metal remains zero even at temperatures where the vapor pressure of the 
metal becomes fairly high. 


1 Ann. Phys. 47, 697, 1915. 
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We shall see, however, from a consideration of other cases, that the coeffi- 
cient of reflectivity changes very little if at all with temperature, so that I think 
the above rule-may safely be generalized to include metal vapors condensing 
on metals at any temperature. 

Whether or not the same rule would apply to non-metallic substances with 
equal accuracy, is rather doubtful. However, we shall see from theoretical 
considerations that even in such cases as that of hydrogen atoms striking a sur- 
face of liquid or solid hydrogen, there is reason to believe that the amount 
of reflection is small. 


Heat Conduction in Gases at Low Pressures 


Kundt and Warburg in 1875 predicted from the kinetic theory that there 
should be a discontinuity in the temperature close to the surface of a solid 
body which is dissipating heat by conduction into a gas at low pressure. Smolu- 
chowski, in 1898, observed and studied this phenomenon and developed the 
theory of it. He found that in some gases, particularly hydrogen, the amount 
of heat given up to the gas by the solid was only a fraction of that which should 
be delivered if each molecule striking the surface reached thermal equilibrium 
with it before leaving. 

Knudsen! gave the name ‘‘accommodation coefficient” to the ratio of the 
heat actually carried away by the gas, to that which would be carried if thermal 
equilibrium were reached. Knudsen measured the accommodation coefficient 
(a) for several gases and several different kinds of surface. The lowest value 
found was with hydrogen in contact with a polished platinum or glass surface, 
in which case Knudsen obtained a = 0.26. With heavier gases, such as nitrogen 
and carbon dioxide, he found a = 0.87. 

Soddy and Berry? in a similar study of the heat conductivity of gases at low 
pressures, found that a for hydrogen in contact with platinum varied from 
0.25 at —100°C to 0.15 at +200°. For argon they found an average value a = 
0.85, while for helium they found 0.49 at —100°C and 0.37 at +150°C. The 
accommodation coefficients obtained with heavier gases were always close to 
unity. 

The writer® has determined the accommodation coefficient of hydrogen 
in contact with tungsten at 1500°K and obtained a = 0.19, while nitrogen 
under the same conditions gave a = 0.60. 

The evidence thus far available indicates that the accommodation coeffi- 
cients of the ordinary gases range from 0.19 up to unity. Only in the cases of 
hydrogen and helium have accommodation coefficients less than 0.8 been found 
at room temperature. It is interesting to note that all observers find that the 
coefficient for a given gas is independent of the nature of the solid, so long as 


Ann. Phys. 34, 593, 1911. 
* Proc. Roy. Soc. 84, 576, 1911. 
* J. Am. Chem. Soc. 37, 425, 1915. 
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it has a polished surface. This is an indication, for which other evidence will 
be given below, that the surfaces under the conditions of the experiments are 
covered with adsorbed layers of gases. 

Another conclusion from the experiments is that the accommodation coeffi- 
cient varies only slightly with the temperature, there being a tendency for it 
to decrease at higher temperatures. Thus for hydrogen the coefficient seems 
to decrease from about 0.35 at —190° to 0.19 at 1500°K. With both helium 
and nitrogen there is a slight tendency for a to decrease with rising temperature. 

The probable relationship between the accommodation coefficient and 
the reflectivity of molecules from surfaces will be discussed below, together 
with other experimental data. 


The ‘‘ Slip” in Gases at Low Pressures 

The viscosity effect analogous to the temperature discontinuity at a surface 
has been called the ‘‘slip”. This effect, first observed by Kundt and Warburg» 
has been the subject of much recent study. Knudsen? calculates the coefficient 
of slip on the assumption that the molecules striking any surface are emitted 
from it in directions which are absolutely independent of the original directions 
of incidence. By elaborate experimental investigations Knudsen obtains con- 
firmation of his theoretical conclusions and thus justifies his assumptions. 
Smoluchowski*, Timiriazeff*, Gaede‘, and Baule®, however, conclude, on experi- 
mental and theoretical grounds, that the directions of the emitted molecules 
are not entirely independent of the directions of the incident molecules. 

It is of interest to note that Gaede, as a result of extremely careful experi- 
mental work, concludes that the amount of specular reflectivity is negative. 
That is, he finds at pressures above 0.001 mm, and up to 20 mm, that the amount 
of gas which flows through a tube is Jess than that calculated by Knudsen on 
the assumption of completely irregular reflection. Gaede draws the conclusion 
that a certain fraction (sometimes as large as 50 per cent) of the incident mole- 
cules tend to return after collision in the direction from which they came. The 
other observers, however, all find that the amount of gas flowing through tubes 
is greater than that calculated by Knudsen’s formula. 

Knudsen, on the other hand,* carried out further measurements with hydro- 
gen at low pressures and found that there cannot be a specular reflection of 
hydrogen molecules amounting to more than about one per cent. 

Millikan’ has calculated the coefficient of slip from his measurements on 
the fall of small spheres and has concluded that the slip in air is about 10 per 

1 Ann. Phys. 28, 75, 1908. 

® Phil. Mag. 46, 199, 1898. 

* Ann. Phys. 40, 971, 1913. 

« Ann. Phys. 41, 289, 1913. 

* Ann. Phys. 44, 145, 1914. 

* Ann. Phys. 35, 389, 1911. 

7 Discussion before the American Phys. Soc. Chicago, Nov. 30, 1915. 
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cent and in hydrogen about 8 per cent greater than would be expected, accord- 
ing to Knudsen’s assumption regarding the absence of specular reflection. 

The experimental evidence on the slip of gases at low pressures does not 
throw much light on the reflectivity of gas molecules, but if Millikan’s inter- 
pretation of his experiments is correct they would seem to indicate that a re- 
flectivity as high as 10 per cent occurs in some cases. 

Statistics of Chemical Reactions 

(a) Heterogeneous Reactions. The rate at which the molecules of a gas come 
into contact with a solid surface immersed in it, may be calculated by equation 
{1). Suppose a heterogeneous chemical reaction occurs at the surface of the 
solid body. Then, if we can measure the rate at which the reaction occurs, 
we may be able to calculate by Equation 1 what fraction of the collisions be- 
tween the gas molecules and the solid body results in a chemical reaction. Let 
us call this fraction e. 

In order to avoid complications due to the accumulation of the products 
of the reaction close to the surface it will be necessary either to work with very 
low pressures of gases or to choose reactions which take place very slowly. 

The value of ¢ may in general have any value less than unity. It is evident 
that the reflectivity of the gas molecules striking the surface must be less than 
1—e and therefore, by a determination of e, we obtain an upper limit for the 
reflectivity. 

Strutt! has measured ¢€ for two heterogeneous reactions. In the decom- 
position of ozone in contact with a silver surface he found ¢ equal to unity, 
while in the case of the conversion of atomic nitrogen into molecular nitrogen 
in contact with copper oxide, he obtained e = 0.002. From this we may con- 
clude that the reflectivity of ozone molecules from a silver surface is small. 
In the second case, however, it is not necessary to conclude that the reflectivity 
is 0.998. We shall see from the general discussion below that the small value 
of € is probably caused by a large portion of the surface being in an inactive 
condition, perhaps due to its being covered with a layer of adsorbed nitrogen 
molecules. 

In a study of the rate of attack of a heated tungsten filament by oxygen 
at low pressure,” the writer determined the values of ¢ for the reaction 2W+ 
30, = 2WO;. The fraction ¢ was found to be independent of the pressure 
and to increase rapidly with temperature from 0.001 at 1270°K to 0.15 
at 2770°K. 

Some recent work (as yet unpublished) has shown that at higher tempera- 
tures € continues to increase so that at 3000°K it is over 0.40. Extrapolation 
indicates that at still higher temperatures ¢ would reach a limiting value of 
about 0.7. 


1 Proc. Roy. Soc. A 87, 302, 1912. 
2 7. Am. Chem. Soc. 35, 115, 1913. 
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From these results we may conclude that the reflectivity of oxygen mole- 
cules from heated tungsten does not exceed 30 per cent. It is probable in this 
case also, that the small values of ¢ at low temperatures are caused by an inactive 
condition of the greater part of the surface, rather than by a change in the re- 
flectivity. 

Experiments on the oxidation of molybdenum filaments have led to similar 
conclusions in regard to the reflection of oxygen molecules. 

When a wire of tungsten, or other metal capable of withstanding high tem- 
perature, is heated to 1500°K in hydrogen at low pressure, a part of the hydro- 
gen is converted into atomic hydrogen. At very low pressures this active modi- 
fication of hydrogen can diffuse long distances through glass tubing at ordinary 
temperatures,? but cannot pass even short distances through tubing cooled 
by liquid air. 

When one considers that the pressures employed in these experiments 
were so low that the normal free path would be of the order of several 
meters, it is evident that the reflectivity of hydrogen atoms from glass 
surfaces cooled in liquid air must be very small, if not actually zero. With 
the glass at room temperature the reflectivity is probably also negligible, 
but the atoms then re-evaporate more rapidly and are thus able to travel 
considerable distances. 

In connection with a quantitative study of the degree of dissociation of 
hydrogen at various temperatures, it has been shown? that every hydrogen atom 
striking a pure tungsten surface (at 2000-3500°K) condenses and that 68 per 
cent of all hydrogen molecules striking the surface condense. 

When the tungsten filament was heated to a temperature over 2700°K in 
hydrogen at a pressure below 200 bars, it was found that 68 per cent of all 
the molecules striking the filament were dissociated and that this fraction 
remained unchanged even when the filament temperature was raised several 
hundred degrees higher. 

The fact that this coefficient (0.68) is larger than the accommodation coef- 
ficient found for a tungsten wire at 1500° in hydrogen (0.19) requires some 
explanation. It seems at first sight paradoxical that 68 per cent of the molecules 
reach chemical equilibrium and are dissociated, whereas at lower temperatures 
only 19 per cent reach thermal equilibrium before leaving the surface. In a recent 
paper‘ the writer gives independent evidence that at lower temperatures the 
tungsten surface is practically completely covered with a layer of hydrogen 
molecules, whereas at higher temperatures only a minute fraction of the surface 
is so covered. Thus the coefficient 0.19 applies to hydrogen molecules striking 
a surface already covered with an adsorbed layer of hydrogen molecules, while 

1 Langmuir, ¥. Am. Chem. Soc. 34, 1310, 1912. 

* Freeman, ¥. Am. Chem. Soc. 35, 927, 1913. 

* Langmuir, ¥. Am. Chem. Soc. 37, 457, 1915. 

* J. Am. Chem. Soc. 38, 1145, 1916. 


4 Langmuir Memorial Volume IX 


Google 


50 Evaporation, Condensation and Reflection of Molecules 


the coefficient 0.68 applies to hydrogen molecules striking an absolutely clean 
tungsten surface. 

Some interesting data on the reflectivity of molecules from a platinum surface 
have been obtained in connection with a study of the combustion of hydrogen 
and carbon monoxide at low pressures in contact with a heated platinum wire.! 
In these experiments a platinum filament was mounted in the center of a spheri- 
cal bulb of four liters’ capacity, provided with an appendix (10 cm long and 
3 cm in diameter) which was cooled by liquid air. This bulb was connected 
through a liquid air trap to a McLeod gage and a system for the quantitative 
analysis of small quantities of gas (of the order of one cubic mm). Low pres- 
sures of mixtures of oxygen with either hydrogen or carbon monoxide were 
introduced into the bulb and the filament heated to a definite temperature. 
The products of the reaction, water vapor or carbon dioxide, were condensed 
in the appendix and thus prevented from returning to the filament. The pres- 
sures employed ranged from 0.1 up to 30 bars, so that the mean free path of 
the molecules was many times greater than the diameter of the filament. The 
velocity of the reaction was determined by taking readings of the gage at regular 
intervals. 

With filament temperatures up to about 500-700°K it was found that 
the reaction velocity increased rapidly with temperature. The rate was propor- 
tional to the partial pressure of oxygen, and inversely proportional to the pres- 
sure of hydrogen or carbon monoxide. Thus with an excess of oxygen the reaction 
started slowly, and as the proportion of combustible gas decreased, the rate 
increased until it became practically infinite (too rapid to measure). From this 
it may be concluded that hydrogen and carbon monoxide are negative catalyzers 
or catalytic poisons. Evidently these substances cannot prevent the reaction 
on the surface unless they are present on the surface. It thus follows that a 
surface of platinum at temperatures up to 500-700°K in pressures of hydrogen 
or carbon monoxide, as low as one bar, is practically completely covered with 
an adsorbed film of these gases. 

When the temperature of the platinum was raised, the reaction became 
so rapid that with a filament having a surface of 0.31 sq. cm, the pressure in 
the four liter bulb in some cases fell to half value in less than 6 seconds. To 
lower this rate a new filament (length 0.7 cm, diameter 0.003 cm), having a sur- 
face of only 0.0067 sq. cm, was substituted for the old one. Under these condi- 
tions the velocity of the reaction could be followed up to the melting point 
of the filament. 

With carbon monoxide the reaction velocity reaches a maximum when 
the filament temperature is about 900°K and apparently becomes negligibly 
small in comparison, when the temperature is raised to 1300°K or higher. 


1 A preliminary account of these experiments, giving only qualitative results, was published 


in the ¥. Am. Chem. Soc. 37, 1162, 1915. The complete data on these experiments, together 
with that on several other similar reactions, will probably be published in the same joutnal. 
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With hydrogen, the rate of reaction also reaches its maximum value at 
about 900°K. This rate does not decrease at higher temperatures, however, 
but remains practically constant up to the melting point of the filament. 

From equation (1) the rate at which each gas comes into contact with 
the filament may be calculated. By comparing this with the actual rate at 
which the gas enters into reaction it is possible to determine ¢. Out of all 
the hydrogen (or carbon monoxide) molecules which strike the filament 
in a given time, let €, represent the fraction which reacts with the oxygen. 
Similarly let e¢, be the corresponding fraction for the oxygen molecules 
striking the surface. The fcllowing table gives the values of ¢, and e, calcu- 
lated directly from the experimentally determined maximum rates of reaction. 

In this table p, is the. partial pressure of hydrogen or carbon monoxide 
in bars and p, is that of the oxygen. We see that when hydrogen is in large 
excess, 53 per cent of all oxygen molecules which strike the filament react 
with hydrogen to form water. This may happen in either one of two ways: 


Reaction 2H,+O,=2H,0: 








Pi } Ds | €1 - : : es a 
bars bars | 
20.0 4.2 | 0.06 0.53 

1.3 11.5 | 0.41 0.09 








Reaction 2CO+O, = 2CO;: 





0.02 


0.18 








0.7 | 
1.4 0.7 | 0.19 0.20 
12.0 | 0.31 


1.4 


0.02 





1. The oxygen may react with hydrogen already present on the surface. 

2. The oxygen may condense on the surface and react with hydrogen 
molecules which subsequently strike the surface. 

In either case the reflectivity of the oxygen molecules cannot exceed 47 
per cent (100-53). Similarly we may conclude that the reflectivity of hydrogen 
molecules is not greater than 59 per cent. 

The values for ¢ given in the above table are to be looked upon as lower 
limits. No correction was made for the cooling effect of the leads, which 
was very considerable with the short filament used. This correction would 
be much more important in the case of the combustion of carbon monoxide, 
since with this reaction the maximum velocity occurs only over a narrow 
range of temperature. Furthermore, traces of carbon dioxide were found 
to slightly poison the surface of the platinum, so that the catalyzer only slowly 
recovered its full activity. It may well be that minute traces of impurities 
have made the values of ¢ lower than they should be under ideal conditions. 
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From these considerations it seems probable that the values of e€ cor- 
responding to perfectly pure gases and a filament at uniform temperature, 
might approach unity as a limit in the case of each of three gases. 

These experiments indicate that the reflectivity of oxygen, hydrogen, 
and carbon monoxide molecules is small even at temperatures of 900°K. There 
is every reason to believe that the reflectivity at room temperature is not greater 
than at higher temperatures. 

A large number of other heterogeneous reactions are being studied by 
similar methods and the coefficients e are being determined. All of this 
work so far seems to bear out the general conclusion that values of « much 
less than unity occur only where the surface of the solid is largely covered 
by some inactive material. The velocity of the reaction is thus determined 
by that fraction of the surface which is active. 

(6) Homogeneous Reactions. Although homogeneous reactions furnish no 
direct evidence regarding the reflectivity of molecules from solid surfaces, 
yet several cases that have been studied have indicated that reactions are 
by no means rare in which every collision between unlike molecules results 
in combination. In this case we may consider that the reflectivity between 
the molecules is negligible, and are thus led to suspect that in many gas 
reactions, when two molecules collide, they stick to each other (condense), 
although they may subsequently separate again (evaporate). 

When a tungsten filament is heated to 2800°K in vacuum, it evaporates 
at the rate of 0.43 x 10°* grams per sq. cm per second.’ If the filament 
is surrounded by nitrogen at a pressure less than 500 bars, the rate of evap- 
oration remains unchanged, but each atom of tungsten vapor combines 
on its first collision with a nitrogen molecule to form the definite chemical 
compound WN,, which collects on the bulb as a brown deposit. The nitrogen 
therefore disappears at the constant rate (independent of pressure) of 0.057 
cubic mm of nitrogen (at 1 megabar) per sec per sq. cm of tungsten surface. 
As the temperature of the filament is raised the rate of disappearance of nitrogen 
increases exactly in proportion to the rate of evaporation of the tungsten. 

In a similar way it has been found? that tungsten atoms combine on the 
first collision with carbon monoxide molecules to form WCO, and that plat- 
inum atoms combine on the first collision with oxygen molecules to form 
PtO,. : 
A remarkable case is that of molybdenum and nitrogen. There is definite 
evidence® that each collision between an atom of molybdenum and a molecule 
of nitrogen results in combination, but there are apparently two kinds of com- 
pound formed. One is a stable chemical compound which, when it deposits 
on the bulb, cannot be decomposed by heating to 35°C, while the other is 
4 Langmuir, Phys. Rev. 2, 340, 1913. 

2 J. Am. Chem. Soc. 37, 1159, 1915. 

2 JF. Am. Chem. Soc. 37, 1157, 1915. 
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an extremely unstable compound which decomposes spontaneously when 
it strikes the bulb. The stable compound tends to be formed in larger amount 
when the velocity of impact of the molybdenum atom and the nitrogen molecule 
is small; that is when either the bulb temperature or the filament temper- 
ature is low. On the other hand, a high velocity of impact (high temperature 
of bulb or filament) favors the formation of the unstable substance. 
There are indications of a similar behavior when a tungsten filament is 
heated to a very high temperature (3000°K or more) in hydrogen at low 
pressure, only in this case the compounds formed are less stable. 


Il. Theoretical Considerations 


The phenomena of condensation, evaporation and reflection of mole- 
cules are closely related to those of the viscosity, heat-conductivity and adsorp- 
tion of gases at low pressures. 

Various hypotheses regarding the mechanism of these phenomena have 
been proposed. Maxwell? in considering the surface conditions of a gas 
in contact with a moving solid, assumed that ‘‘of every unit of area a portion f, 
absorbs all the incident molecules, and afterwards allows them to evaporate 
with velocities corresponding to those in still gas at the temperature of the 
solid, while a portion (1—/) perfectly reflects all the molecules incident 
upon it.” 

Smoluchowski? used a similar hypothesis in regard to the temperature 
drop near a surface in a gas at low pressure. He also suggested a second hypo- 
thesis, namely: When molecules of a temperature 7, strike a surface at 
a higher temperature 7,, the molecules leaving the surface have a temperature 
T intermediate between 7, and 7, such that 


T — T, = a(T? — 7), (2) 


where a is a number less than unity which has subsequently been called 
‘accommodation coefficient” by Knudsen. 

Smoluchowski considered that the same value of f or a could be applied 
to the phenomena of both viscosity and heat conductivity and thus calculated 
a relation between the coefficient of slip and the temperature drop at the 
surface. 

Knudsen (/. ¢.), on the other hand, considered a to be unity in the case 
of viscosity, although not in the case of heat conduction. 

Baule® attempts to solve this difficulty by analyzing the probable mech- 
anism by which heat or momentum is transferred from gas to solid. Baule 
assumes that the solid consists of a cubic space lattice of elastic spherical 


1 Phil. Trans. 170, 249, 1879. 


® Wied. Ann. 64, 101, 1898; Wien, Sitaungsber. 108, 5, 1899; Phil. Mag. 46, 199, 1898. 
> Ann. Phys. 44, 145, 1914. 
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molecules or atoms which are vibrating about their equilibrium positions 
with a mean kinetic energy corresponding to the temperature of the solid. 

The molecules of the gas strike against those of the solid and rebound 
from them according to the laws of elastic collision. If E, be the mean 
kinetic energy of the incident molecules, E, the mean energy of the mole- 
cules of the solid, and E’ the mean energy of the gas molecules after one 
collision with the molecules of the solid, then 





E’ = BE,+(1—£A)E,, (3) 
where 
mit mi 
i (m, + m,)* (4) , 


Here mi, is the mass of the gas molecules and m, is that of the molecules 
of the solid. 

It is evident that many of the molecules make more than one collision 
before leaving the solid surface. Baule assumes that, of all the molecules 
striking the surface, the fraction » make only one collision, while the frac- 
tion 1—v are absorbed and thus make such a large number of collisions 
that they reach complete equilibrium with the solid before leaving it again. 

Thus, if E is the mean energy of all the molecules leaving the surface 
we have 

E = +E'+(1—+)E,, (5) 
whence from (3) 
E = BrE,+(1—r) Ey. (6) 

Since the mean energy of molecules is proportional to their temperature 
Equation 6 may be written 


T = BrT,+(1—Br)T,, (7) 
or 
(T—T,) = (1—6»)(T2—T)). (8) 

By comparing this equation with (2) it is seen that they are of the same 
form and that (I—fyv) has the same significance as Knudsen’s accommoda- 
tion coefficient. 

In a similar manner Baule calculates the coefficient of slip. Let v, be the 
average velocity component, parallel to the surface, of the incident mole- 
cules; v, the tangential velocity of the surface in the same direction, and v’ 
be the average velocity (parallel to the surface) of the gas molecules which 
rebound from the surface after one collision. Baule shows that 





ve = yt, + (1-7) ee, (9) 

where 
=: 10 
u m+ mM, ( ) 
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Of all the molecules striking the surface, the fraction » make only one 
collision and are thus reflected with the velocity component given by (9), 
whereas the fraction (1—¥) are absorbed and thus finally leave the surface 
with the average velocity component 2,. If v be the average velocity com- 
ponent parallel to the surface of all the molecules leaving it, then 


v = vo'+(1—»)e?, (11) 
whence from (9) 

v = yrv,+(1—yr) x (12) 
7 (e—v) = (I) (a2). (13) 


The accommodation coefficient for viscosity is thus (1—yv) instead of 
the (1—f») which applies to heat conductivity. Thus Baule shows that there 
is no theoretical justification for Smoluchowski’s assumption that the co- 
efficients for heat conduction and viscosity are the same. 

In the case of hydrogen in contact with a platinum surface we have m, = 2 
and m, = 195, whence by (4) and (10), 8 = 0.98 and y = 0.01. If we take 
Knudsen’s value a:= 0.26 for the accommodation coefficient (heat conduction), 
we find 1—fv = 0.26, whence » = 0.76. From this we obtain (1—yv) = 0.992, 
which should be the accommodation coefficient for viscosity. This is in good 
agreement with Knudsen’s experiments from which he concludes that the 
directions of the reflected molecules are independent of those of the incident 
molecules; in other words, that a = (1—yv) = 1.00. 

If we consider the case of argon in contact with platinum, for which 
Soddy and Berry found a = 0.85, we obtain: 


m, = 40, 
m, = 195, 
a = 0.85, 
B = 0.72, 
y =0.17, - 
1—fy = 0.85, 
1—y» = 0.965. 


The accommodation coefficient for viscosity thus decreases with in- 
creasing density of the gas, but remains nearly equal to unity. 

_ The experimental work on slip has shown that the accommodation co- 
efficient for viscosity is nearly unity, but the accuracy of the results has not 
yet been sufficient to determine whether the values calculated by Baule’s 
theory are correct. 

Baule attempts to calculate the coefficient » by making various assump- 
tions as to the manner in which the molecules on the surface are ‘‘shadowed” 
by others, but the validity of the assumptions seems so doubtful that the 
resulting equations have little more value than empirical equations. 
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On the whole, Baule’s theory marks a distinct advance in our under- 
standing of the mechanism of the exchange of energy between a gas and a 
solid, but closer consideration of the assumptions underlying Baule’s theory 
shows that they cannot correspond to the facts. 

Baule fails to take into account the attractive forces between the atoms, 
although it is evident that such forces must be of prime importance in deter- 
mining the amount of condensation and reflection. The phenomena of cohesion, 
condensation and adsorption are all manifestations of these attractive forces, 
and Sutherland! has shown that even in the gaseous state the attraction 
between molecules considerably decreases their mean free path. 

We know from the work of Bragg and others that the atoms of crystals 
are arranged according to a space lattice structure in which the identity of 
molecules usually disappears. 

In a crystal of sodium chloride the forces holding the crystal together 
evidently act between adjacent sodium and chlorine atoms; in other words, 
they are of the nature of what we have usually called chemical forces. In a 
diamond crystal the carbon atoms form an endless chain of benzol rings, 
and the stability of this chemical group is probably the cause of the hard- 
ness, high melting-point and low vapor pressure of solid carbon. There is 
every reason to assume that all forces acting between the atoms,of solid bodies 
are qualitatively of the same nature. The inert gases crystallize at low tempera- 
tures, so that even with these substances the atoms are surrounded by force 
fields which are only quantitatively different from those of more chemically 
active substances. 

In the case of the diamond the arrangement of the atoms corresponds 
to the tetravalent character of the carbon atom, but in most crystals the valency 
of the atoms appears to be divided between several other atoms. Thus in the 
sodium chloride crystal the single valency of the sodium is divided between 
six chlorine atoms. 

The principal characteristics of chemical forces are that they act only 
through very short distances and that they show in a marked degree the 
phenomena of saturation. Thus chemical forces act only between adjacent 
atoms, and even then only when the distances between the atoms are of 
the order of magnitude of the diameter of the atoms. When an atom of oxygen 
has taken up two hydrogen atoms it loses its attraction for other hydrogen 
atoms: it becomes chemically saturated. However, from the fact that water 
molecules become associated (H,O), and readily combine with substances 
as water of crystallization, we may conclude that the presence of two hydrogen 
atoms around an oxygen atom does not entirely saturate the chemical forces. 
Werner’s theory of valence recognizes the existence of residual valences. 

In a crystal the forces of attraction must be balanced by repulsive forces. 
We cannot assume that the repulsive forces are exerted only during col- 


1 Phil. Mag. 36, 507, 1893. 
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lisions between adjacent atoms but, because of the work of Einstein,! Linde- 
mann? and others, must assume that the atoms oscillate about positions of 
equilibrium in which the attractive and repulsive forces balance. 

The atoms on the surface of a crystal must also be held by attractive and 
repulsive forces, so that they oscillate about equilibrium positions, but these 
atoms must be looked upon as being in an unsaturated state. There is every 
reason, therefore, for the existence of very strong attractive forces within 
a short distance of the surface of solid bodies. The phenomena of adsorption 
may be looked upon as a result of these unsaturated chemical forces. 

By the aid of the viewpoint developed above, let us analyze more closely 
the probable mechanism of condensation, reflection and evaporation of atoms 
or molecules. 

If an atom (or molecule) A approaches the surface of a solid body, it 
will be subjected to an attractive force as soon as it comes within a certain 
distance of the surface. This force will increase in intensity as A approaches 
. hearer the surface, will pass through a maximum and will then decrease to 
zero when A reaches the equilibrium position. The work done by the attractive 
forces will have been converted into kinetic energy, part of which is pos- 
sessed by the atom and the remainder of which is divided among atoms forming 
the surface. : 

The kinetic energy of A will carry it past the equilibrium position into 
a region in which it is subjected to a repulsive force. The component of its 
velocity toward the surface will thus decrease to zero. It will then be driven 
back through the equilibrium position, and if its outward velocity is sufficient 
it may escape from the region of attractive forces and travel indefinitely 
away from the surface. On the other hand, if its velocity is not great enough 
to enable it to escape, it will describe a complex orbit and, by loss of energy 
to adjacent atoms, will finally oscillate about its equilibrium position with 
a mean kinetic energy corresponding to the temperature of the surface. 

The amount of work done by the attractive forces upon an atom A while 
it moves to an equilibrium position is measured by the heat of evaporation 
or adsorption and is equal to A/N, where / is the internal heat of evapora- 
tion per gram molecule and N is equal to 6.062 x 10%. In the case of adsorp- 
tion of a gas by a solid 4 represents the heat of adsorption. 

If the attractive and the repulsive forces were both exerted by a single 
atom of the solid, and if this atom could move freely towards the incident 
atom, then we should be justified in treating the problem as if attractive 
forces were absent and elastic collisions occured. In this case we could apply 
Baule’s results directly. 


1 Ann. Phys. 34, 170, 1911, and 35, 679, 1911. 
3 Phys. Ztschr. 11, 609, 1910. 
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But it is almost certain that the attractive forces are exerted by several 
atoms. Bragg has found that among metals the face centered cubic lattice 
structure is the most common. In this lattice each atom is surrounded by 
twelve others equally spaced from it. An atom on the surface must then usually 
have from four to eight other atoms exerting force on it. On the other 
hand, it is very probable that an atom which passes through the equilibrium 
position with high velocity would be subjected to repulsive forces exerted 
principally by one atom of the solid. This would naturally follow from 
the fact that the repulsive force must increase with the proximity to an 
atom much more rapidly than the attractive force decreases on receding from 
the equilibrium position. 

In order to be able to estimate the magnitude of the effects produced by 
this difference in the origin of the attractive and repulsive forces, let us 
consider the case of the following model: 


, o 
<n 
O 
Fic. 1. 


In Fig. 1, let A be an atom of mass m, which is attracted by a group of 
atoms B, each of mass m,. Consider that all the atoms are elastic spheres 
initially at rest. Let O be the common center of gravity of all the atoms. 
Then the atoms will all move towards O. If we consider the one dimensional 
problem only, then we may assume that A will collide with one of the atoms B 
(say C) at the point O, and those two atoms will continue to move along the 
line AO. Let n be the number of atoms in the group B, excluding C, the one 
which collides with A. If V, and V, are the velocities (all measured from left 
to right) of A and C respectively just before their collision, and V; and V; 
are the velocities just after their collision, then we have by the principles of 
the conservation of energy and momentum: 





m, Vi+m,Vi = m,(V3)?+m,(V3)%, (14 
m,V,+m,(1+n) V,=0, (15) 
mV,+mV, = mVi+m,V;. (16) 
Let the ratio of the velocity of A before and after the collision be 8, thus 
Ma 
p= 7 (17) 
and let 
m, 
=—, (18 
=e ) 
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If we substitute these in equations (14), (15) and (16) and solve for £, 
and 
yn + (y+n+1) 


P= "GEN OF) ae 


For the case in hand it can be readily seen that we should take the neg- 
ative sign. Equation (19) thus becomes: 





l—n 
144(4 = 
l+n 
= — — <i 20 
7 I+y (29) 
If n= 0, this gives B = —1, so that the atom 4 has its velocity re- 


versed. Thus when n = 0 the existence of attractive forces between the atoms 
does not change the conditions from those of elastic collisions. If, however, 
n= 1 we find : 

B == Vty > 
so that the velocity after collision is much less than we would calculate accord- 
ing to the laws of elastic collision. 

This loss in velocity, which Baule has failed to take into account, would 
result in a very great decrease in the number of atoms reflected from the 
surface. In order to estimate the effect on the reflectivity we need to consider 
the initial velocity of the atom A, due to its thermal energy. 

We may calculate this effect approximately by considering two atoms 
A and C having given initial velocities, but without attractive force between 
them. Let the initial velocities of A and C be v, and v, respectively. Let v9 
be the velocity of the common center of gravity of A and C and let v,’ be the 
velocity of A after collision. 

Then 
M+ Mg, YU TCs 


o=- 





m,+m, ytl (1) 

The velocity of A towards the center of gravity is v,—v, before collision. 
After collision this velocity is reversed. The actual velocity of A after col- 
lision 9,’ is thus equal to — (v;—vp)+v,. This gives, with (21) 

oe eT et 
1+y 

Let us now return to the consideration of an atom striking a surface toward 
which it is attracted. We have seen that the work done by the attractive forces 
in bringing the atom to an equilibrium position is 4/N. This appears as kinetic 
energy of the atom }m,V3. If M, is the molecular weight of the atom or mole- 
cu'e A, then since M, = Nm, 


(22) 


De 
=p 23 
V; V M,: (23) 
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After collision with the atom C the ve'ocity of A will be 


i ae 
Y= 0 i. . 


But because of the initial velocities of A and C the velocity V; should be 
increased (approximately) by v;, so that the velocity of A, upon returning 
to the equilibrium position, will be 


nV m, + 


The condition that the atom may just be able to escape from the surface 
is that this velocity shall be equal to — )/24/M,, in other words, the con- 
dition is 


a= +0) ip (24) 


Not let a, and a, be the ratios between the initial velocities of A and 
C respectively, and the mean velocities due to thermal agitation. Thus, 
vy; 


q=->= 
1 Uy, 


and a, = 2 (25) 


aa 
Us 
where the mean velocities of thermal agitation 0, and 0, are given by 


= 3RT,  ,. _ _ /3RT, . 
v= V M, and 0, M, (26) 





Substitute (25) and (26) in (22), and the resulting value of oj, in (24). 
Then substitute the value of B from (20), and remembering that M,/M, = y 
we obtain our final equation: 


yT, yn fh 
tag—It+aY/ at = ar V aRK (27) 


This equation furnishes us an approximate method of estimating the 
effect of various factors upon the reflection of atoms from a surface. This 
will best be illustrated by a few examples. 

First Case: m, = m,. 

In the first place, let us consider the case of a substance in equilibrium 
with its own saturated vapor. We then have 7, = 7, and m, = m,, so that 

=. 
If we express A and R in calories (R = 2) then equation (27) reduces to 


n a 
a ee ag ee 28 
ms Va (28) 
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This equation tells us how large a, must be in order that the atoms of 
vapor may be reflected. In the case of tungsten at 3000°K, 4 = 206,000 
_ calories, so that we have 

n 
= — 485" 5. (29) 

The following table gives the values of a, corresponding to different 

values of n. 








Taste I 
n ' a, \ P 
0 0 i _ 0.50 
O.1 | —0.435 0.23 
0.2 —0.80 0.08 
0.3 | —1.10 0.028 
0.4 \ —1,37 0.0087 
0.5 | —1.60 | 0.0028 
0.6 —1.80 0.00093 
0.7 | —1.97 9.00032 
1.0 —2.40 17x 10-* 
2.0 \ —3.20 14.0x 10-* 


3.0 jl —3.60 1.0x 10-* 





In this table n gives the effective number of atoms which attract but do 
not subsequently repel the incident atom. We have seen that there is good 
reason to believe that the attraction is exerted by three, four, or even more 
atoms, while the repulsion is exerted principally by one or two. We may 
therefore expect the value of nm to be of the order of 2 or 3. The above 
table shows, however, that even if n should be as small as 0.1, reflection of the 
incident atom can occur only if it collides with an atom for which a, = —0.445; 
that is, an atom which is already moving by its thermal agitation with 
a velocity component away from the surface equal to 44 per cent of the mean 
thermal velocity. The column headed P gives the probability, according to 
Maxwell’s distribution law, that any given atom on a surface should have 
a velocity in a given direction exceeding a,0,. Thus, according to the table, 
only 23 per cent of the atoms on the surface have an outward velocity com- 
ponent greater than 44 per cent of the mean velocity. The probability P 
is calculated by the equation 

a ae 
P=—— e* dx. (30) 
Ve Wait 

With values of n as large as 2 or 3, the probability is negligibly small 
that an atom on the surface will have a sufficient velocity to cause the reflec- 
tion of an incident atom. 
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The above calculations lead to the conclusion, which is in good accord 
with experimental facts, that the reflection of tungsten atoms from a tungsten 
surface takes place to a negligible degree only. 

By equation (28) we see that the reflectivity of atoms from a surface will 
depend on the coefficient and the ratio 2/T. It seems probable that n is 
of the same order of magnitude for all substances and has a value somewhere 
between 1 and 3. According to Trouton’s rule the latent heats of evaporation 
of different substances are proportional to the absolute boiling points. Nernst 
finds that this rule is only approximate, and modifies it by placing the ratio 
A/T proportional to log T. If we consider a series of different substances at 
‘‘corresponding”’ temperatures the values of 4/7 will not differ very greatly, 
but according to Nernst will be smaller the lower the absolute boiling point 
of the substance. 


TaBLe II 
~~ Substance it  ' a | ar am | PO 
H, 20.4 205 10.1 0.92 0.055 
O, | 90. 1680 18.7 1,25 0.015 
H,O 373. 9000 | 24.1 1.42 | 0,0069 
Hg "631. 12,300 | 19.5 1.28 0.013 
Pt 4200. | 109,000 26.0 1.47 ‘0.0054 
Mo i 3900. 160,000 | 41.0 1.85 ; 9.0007 
0.00085 


Ww 5100. 200,000 39.0 


1.82 
Table II contains data for a few substances. The absolute boiling point 
T, is given in the second column, while 4, the internal latent heat of evapora- 
tion at the boiling point, is given in the third. It is seen that the maximum 
range of the values of 4/T is only from 10 to 41, and, since this ratio in (28) 
occurs under the radical, the value of a, only varies within the ratio 1 to 2. 
The values of a, and P calculated by taking = 1 are also given in Table IT. 
These data are calculated for the temperature of the boiling point. At lower 
temperatures a, would be larger so that P would be still smaller than the values 
given in the table. 

In the above discussion we have derived a method of calculating the prob- 
ability that an atom on the surface of a solid may have a sufficient velocity 
to cause an incident molecule to be reflected. The calculation was based, 
however, on the assumptions: 

1. That the forces and motions involved are all normal to the surface. 

2. That the collisions are perfectly elastic and that the work done on the 
incident particle by the attractive forces all appears as kinetic energy of this 
particle. 

It is certain that the first assumption cannot correspond to the facts. The 
directions of motion of the incident particles after the collisions are probably 
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distributed uniformly in all directions so that the chance of an atom being 
reflected is very much less than that given by P. 

It is also probable that the second condition is not fulfilled, which must 
result in a still further decrease in the amount of reflectivity. Some idea of 
the rapidity with which adjacent atoms in a solid reach thermal equilibrium 
may be obtained from a consideration of the heat conductivity. 

The problem is similar to that a calculation of the ‘‘time of relaxation” 
for a gas. The distribution of velocities among the molecules of a gas in the 
steady state is given by Maxwell’s distribution law. If a deviation from this 
law is brought about in some manner, and the gas is then left to itself, the 
distribution will rapidly return to that of Maxwell. The time required for 
the abnormal condition to subside is measured by the ‘‘time of relaxation”, 
which Maxwell defines as the time needed for the deviation (measured in 
terms of kinetic energy) to fall to 1/eth of its original value. 

The following roughly approximate method will enable us to estimate 
the order of magnitude of the time of relaxation in a solid body. 

Let us imagine that a single layer of atoms on the surface of a solid is at 
a temperature 7, while the underlying layers of atoms are at zero tempera- 
ture. If h is the heat conductivity of the solid, and o is the distance between 
adjacent atoms, then the heat flowing between the first and second layers 
will be kT/o per sq. cm if we neglect the change in temperature of the 
second layer. The number of atoms in the surface layer will be 1/0? per sq. 
cm and the heat capacity of each atom is 3k, where k is the Boltzmann gas 
constant 1.37x10-* erg/deg. We thus obtain 


hT 3k dT 
od’ (31) 
or 
T, he 
n= apt (32) 


If we let 7,/T equal e, then t will become equal to the time of relaxation, 
which we may represent by #,, thus 


3k 
=a (33) 


The times of relaxation for various substances as calculated by this equation 
are given in the fourth column of Table III. The data used in the calculation, 
h and o, are given in the second and third columns. The values of o were 
calculated from the density @ and atomic weights A given in the fifth and 
sixth columns. For such substances as calcite and glass A was taken to represent 
the average atomic weight of all the atoms in the substance. The seventh 
column gives t the natural period of oscillation of the atoms of the substance. 
This natural period is the reciprocal of » the atomic frequency (Eigenschwing- 
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Taste III 
Substance er; i \ °: tr @ A | id | tr 
| sz | em fw | 4 | oe | ¢ 
| 
x10? x10-* x10-% | x 10-4 

Copper 3.84 2.3 { 0.46 8.9 64. | 180 0.0026 
Tungsten 1.25 2.50 | 1301 19 184, | 170 0.0077 
Platinum 0.7 2.5 2.3 21.5 195 210 0.011 
Mercury . 0.082 2.9 17, ; (13.6 200, 640 0.027 
Quartz . . 0.09 2.3 20. | 2.6 20. 186 0.11 
Rock salt . 0.06 2.8 25. | 2.2 29 250 0.10 
Calcite . . 0.034 2.3 53. 2.7 20. 138 0.38 
Soda-glass 0.01 2.4 170. | 2.5 21 200 0.85 
Ice 2... 0.004 2.2 470. | 0.9 6. 370 1.3 
Sulfur - . 0.0026 2.9 550. i 21 32. 460 1.2 
Paraffin .../ 0.0025 | 2.0 790. | 0.9 4.6 440 1.8 





ungen). The atomic frequency may be calculated in any one of a half dozen 
different ways' with substantially similar results. The values given in the 
table have been obtained from the compressibilities K by means of Einstein’s* 
equation 


t= - = 3-5x 10-8 Al oilé K12, (34) 


Objections may be raised against the use of this equation for the calculation 
of the periods of oscillations of the atoms of compounds, but it is not likely 
that the order of magnitude of the result will be in error. Koref* calculates 
by other methods that in a rock salt crystal the frequency of the sodium atom 
is 6.8 x 10! and that of the chlorine is 5.5 x 10%. The atomic frequency cal- 
culated from the value of rt in Table III is 4 x 10", which is not greatly different 
from Koref’s results. 

The last column of the table gives the ratio of the time of relaxation to 
the natural period of oscillation of the atoms. In the case of the metallic 
substances this ratio is very much less than unity, which must mean that ther- 
mal equilibrium is established between adjacent atoms in a small fraction 
of the time necessary to complete a single oscillation. 

Under these conditions it is apparent that our second assumption (elas- 
ticity in collisions) is not justified in the case of metals. It is probable, in 
fact, that atoms of metal vapor striking the surface reach practically perfect 
thermal equilibrium with adjacent atoms before they can possibly escape 
again from the surface. The amount of reflection during the condensation 
of metallic vapors is therefore probably extremely small. Since the high heat 


1 Harkins and Hall, ¥. Am. Chem. Soc. 38, 207, 1916. 
% Ann. Phys. 34, 170, 1911. 
® Phys. Ztsch, 13, 186, 1912. 
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conductivity of metals is related to their electrical conductivity, we may conclude 
that ‘‘free electrons” play an important part in the mechanism of the conden- 
sation of metallic vapors. 

From Table III we see that even in the substances of low heat conductivity 
such as ice or sulfur, the ‘‘rate of relaxation” is so high that the collisions must 
be far from elastic. A slight loss of energy to adjacent atoms, must have 
a very great effect in decreasing the chance that an incident atom or molecule 
will be able to escape, so that even with non-metallic substances it is probable 
that the reflection of molecules occurs to a much smaller degree than would 
be estimated from the values of P given in Table II. 

However, it would not be safe to conclude that in all cases where mole- 
cules strike similar molecules (or atoms) on a surface that the reflectivity 
must be negligibly small. We have seen that there is evidence that metals 
in contact with hydrogen even at low pressures have their surface completely 
covered with a layer of hydrogen atoms or molecules. The accommodation 
coefficient 0.25 observed for hydrogen in contact with platinum, indicates 
that a considerable fraction of the hydrogen molecules striking other hydrogen 
atoms or molecules on the surface is reflected. The reasons for the high reflec- 
tivity in this case probably are: 

1. The heat of condensation 4 is very small. By Table II we see that 4 for 
liquid hydrogen at its boiling point is only 205 calories per gram molecule. 
It is probable, however, that the hydrogen atoms on a metal surface are held 
by very strong chemical forces! so that they are much more thoroughly satu- 
rated than the atoms or molecules in liquid hydrogen. There is good reason 
to think, therefore, that such a layer of hydrogen atoms would exert only very 
weak attractive forces on incident hydrogen molecules, and that the value 
of 4 for the condensation of the second layer would be much less than 205 
calories. 

We see by equation (28) that a small value of 2 would tend to increase 
the number of atoms reflected. 

2. The temperature is very high compared to the boiling point of hydrogen, 
and this fact, according to (28) and (30), would tend to increase the chance 
of reflection. It may also decrease A. Although the heat of evaporation of liquids 
decreases to zero when the critical temperature is reached, we must not 
consider that 4 also disappears at this temperature. In the sense in which we 
are using this quantity it represents the work done in separating the atoms 
of the solid or liquid to an infinite distance from each other. This quantity 
evidently may have considerable values even at temperatures much above 
the critical temperature. 

3. The atoms forming the adsorbed layer on the surface may be so rigidly 
held by the underlying metal as to greatly increase the tendency for the weakly 


1 There is reason to think that for the condensation of the first layer of atoms of hydrogen 
on platinum the value of 4 is about 40,000 calories per gram molecule. 


5 Langmuir Memorial Volume IX 
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attracted incident atoms to be reflected. In deriving equation (28) it was 
assumed that during the time of a collision, the atom on the surface is free 
to move according to the usual laws of elastic collisions. If the adsorbed atoms 
are rigidly held to the metal atoms the effective mass of the adsorbed atoms 
would be greatly increased. According to equation (27), this would tend to 
increase the reflectivity. 

Another effect produced by the close coupling of the adsorbed atoms 
to the metal and the loose coupling to the incident atoms is to lengthen the 
time of relaxation of the incident atoms. 

Second Case. Unlike Atoms. So far, we have considered the condensation 
of a vapor on a solid whose surface consists of the same kind of atoms. If 
atoms of a light gas strike the surface of a solid consisting of heavy molecules, 
the case becomes more complicated, since we must use equation (27) instead 
of (28). Let us consider the case of hydrogen molecules striking an absolu- 
tely clean surface of tungsten or other heavy metal. For such a case we may 
put approximately y = 0.01, so that, if we place T, = 7, = T and R= 2, 
equation (27) becomes 


a4—4-95 a, = —0.058 7 yi (35) 

From this equation we may estimate the amount of reflection which would 
occur if'the directions of all motions and forces were normal to the surface. 
Under actual conditions the amount of reflection would be considerably 
smaller. In making this calculation we substitute in (35) the value of n, 4, 
and T and then choose particular values of a,, and find a, by the equation. 
Thus if we place n = 1 and 2 = 40,000, we find the pairs of values of a, 
and a, given in the first two columns of Table IV. 











Taste IV 
a, 7 s,s | | ae 
+0. —0.34 | 1.00 ( 0.28 
+01 +0.15 | 0.98 | 0.60 
0.2 +0.65 | 0.94 | 0.87 
0.3 +1.14 | 0.87 | 0.98 
0.4 +1.64 0.79 1.00 
0.5 +214 | 0.69 | 1.00 
1.0 


+4.61 | 0.22 1.00 





The value of a, gives the maximum (positive) velocity which an atom of 
the solid may have and still cause the reflection of an atom colliding with it. 
Thus from the table we see that if a molecule of hydrogen (A) starts from 
rest (a, = 0) and is attracted towards the metal surface, it will only be reflected 
if the metal atom which it strikes is moving towards it with a velocity numerically 
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in excess of that corresponding to a, = 0.34. If, however, the hydrogen molecule 
starts with an initial velocity (normal to the surface) corresponding to a, = 0.1 
we see that it may be reflected even if it strikes a metal atom moving away 
from it with a velocity as large as that corresponding to a, = 0.15. 

The probability that a molecule striking the surface should have a velocity 
greater than a, is given by 


Py = e320, (36) 


On the other hand, the probability P, that a molecule on the surface should 
have a velocity component less than that corresponding to a, may be readily 
calculated by means of equation (30). The probabilities P, and P, have been 
entered in Table IV. From these data we see for example, that 87 per cent 
of all the incident molecules have velocities towards the surface greater than 
that corresponding to a, = 0.3. In order that these molecules may be reflected 
it is necessary that a, shall not exceed 1.14, but according to the fourth 
column we see that 98 per cent of the metal atoms have a value of a, less 
than 1.14. 

From these data by approximate integration of {P,dP,, it can be shown 
that of all molecules striking the surface 97.3 per cent would be reflected 
if we could assume all motions and forces to have directions normal to 
the surface. This figure gives us an upper limit for the amount of reflection. 
This result is not greatly different if we take other values for A or n. 
Thus if we take 4 or m (or both) equal to zero, we obtain in a similar 
manner to that used above, the value 98.7 per cent for the maximum 
possible reflectivity. On the other hand if we take 2 = oo and A = 40,000 
we find 95.1 per cent. 

In many chemical and physical problems it is important to know how 
closely the reflectivity can approach 100 per cent. Thus in calculating the 
vapor pressure from the rate of evaporation, we made use of (1—r). (See 
equation (1).) In this case, where y = 1, we have seen that we may always 
place r= 0. Similarly in estimating the velocity of a chemical reaction we 
may use an equation similar to (1) in which we use ¢ in place of (1—7). 

In studying the mechanism of such reactions we need to know the order 
of magnitude of 1—r. Thus suppose in a given case we find that only one 
molecule reacts out of every thousand striking the surfaces, that is e = 0.001. 
In interpreting this result we need to know whether it is possible that 99 
per cent of the molecules are actually reflected. 

From the calculations given above, it appears that the reflectivity can 
Nn no case exceed 99 per cent, and must in all probability be much less than 
this. Therefore a value of € as small as 0.001 must be accounted for in some 
other way than by reflectivity, as for example by assuming that the greater 
part of the surface is covered with a material on which the given reaction 
does not take place. 


5° 
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The smallest accommodation coefficient that has been observed is 0.19 
(hydrogen). This corresponds according to Baule’s theory (equation 8), to 
a reflectivity of about 83 per cent, a value which is in reasonable agreement 
with the upper limit of 95-99 per cent calculated above. 

It thus seems extremely probable that when gas molecules strike solid 
bodies in no case are more than 90 per cent of the molecules reflected. 
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THE CONDENSATION AND EVAPORATION OF GAS 
MOLECULES 


Proceedings of the National Academy of Sciences 
Vol. III, 141, March (1917). 


SEVERAL years ago,! I gave evidence that atoms of tungsten, molybdenum, 
or platinum vapors, striking a clean, dry glass surface in high vacuum, are 
condensed as solids at the first collision with the surface. Subsequently, sim- 
ilar evidence? was obtained in connection with a study of chemical reactions 
in gases at low pressures. It was concluded that in general, when gas molecules 
strike a surface, the majority of them ‘‘do not rebound from the surface by 
elastic collisions, but are held by cohesive forces until they evaporate from 
the surface”. In this way a theory of adsorption was developed® which has 
been thoroughly confirmed by later experiments. It was stated: ‘‘The amount 
of material adsorbed depends on a kinetic equilibrium between the rate of 
condensation and the rate of evaporation from the surface. Practically every 
molecule striking the surface condenses (independently of the temperature). 
The rate of evaporation depends on the temperature (van’t Hoff’s equation) 
and is proportional to the fraction of the surface covered by the adsorbed 
material’’. 

R. W. Wood‘ described some remarkable experiments in which a stream 
of mercury atoms impinges upon a plate of glass held at a definite temperature. 
With the plate cooled by liquid air, all the mercury atoms condense on the 
plate, but at room temperature all the atoms appear to be diffusely reflected. 

The whole question of the evaporation, condensation, and possible reflec- 
tion of gas molecules has been discussed at some length in two recent papers®*. 
It was pointed out that, in Wood’s experiments, there are excellent reasons 
for believing that the mercury vapor actually condenses on the glass at room 
temperature, but evaporates so rapidly that no visible deposit of mercury 
is formed. Further evidence of the absence of reflection is furnished by the 
operation of the “Condensation Pump”.” 

In a second paper, Wood® gives an account of some still more striking 
experiments. A stream of cadmium atoms, striking the walls of a well ex- 
hausted glass bulb, does not form a visible deposit unless the glass is at a 


(Eprror’s Note: This paper appears as Chapter Fourteen in the author’s book, Phenomena, 
Atoms and Molecules, Philosophical Library, 1950.] 
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temperature below about —90°C. If, by cooling the bulb for a moment with 
liquid air, a deposit is started, this continues to grow in thickness even after 
it is warmed to room temperature. From these and similar observation, Wood 
concludes that: 

1. Cadmium atoms all condense on cadmium surfaces at any temperature. 

2. Cadmium atoms condense on glass only if it is at a temperature below 
about —90°C. At higher temperatures, nearly all the atoms are reflected. 

This viewpoint leads to no explanation of the changes in the reflection 
coefficient. The results of Wood’s experiments may, however, be explained 
by the theory that all the atoms, striking either the glass or the cadmium 
surface, condense, and that subsequent evaporation accounts for the apparent 
reflection. 

Cadmium atoms on a glass surface are acted on by totally different forces 
from those holding cadmium atoms on a cadmium surface. When a thick 
deposit of cadmium which has been distilled onto glass in vacuum, is heated 
quickly above its melting point, the molten cadmium gathers together into 
little drops on the surface of the glass. In other words, molten cadmium 
does not wet glass. Therefore cadmium atoms have a greater attractive force 
for each other than they have for glass. Thus, single cadmium atoms on a 
glass surface evaporate off at a lower temperature than that at which they 
evaporate from a cadmium surface. It is not unreasonable to assume that 
in Wood’s experiments, even at —90°C, the cadmium evaporated off of the 
glass as fast as it condensed upon it. 

This theory possesses the advantage that it automatically explains the 
apparent reflection of cadmium atoms from a glass surface at room temperature, 
and indicates why this effect should be absent at low temperatures. 

We shall see, moreover, that this condensation-evaporation theory explains 
many other facts incompatible with the reflection theory. 

Let us examine for a moment the essential differences between these two 
theories. Wood describes his remarkable experimental results, but he has 
not attempted to discuss the mechanism of the underlying processes. It is 
clear that Wood uses the term “reflection” merely to express the fact that 
under certain conditions no visible deposit is formed when the atoms strike 
a surface. From this point of view, condensation followed by evaporation 
is the same as reflection. In considering the possible mechanisms of the process, 
however, we must sharply distinguish between the two theories. 

When an atom strikes a surface and rebounds elastically from it, we are 
justified in speaking of this process as a reflection. Even if the collision is 
only partially elastic, we may still use this term. The idea that should be expressed 
in the word “reflection” is that the atom leaves the surface by a process 
which is the direct result of the collision of the atom against the surface. 

On the other hand, according to the condensation-evaporation theory, 
there is no direct connection between the condensation and subsequent 
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evaporation. The chance that a given atom on a surface will evaporate in 
a given time is not dependent on the length of time that has elapsed since 
the condensation of that atom. Atoms striking a surface have a certain average 
“life” on the surface, depending on the temperature of the surface and the 
intensity of the forces holding the atom. According to the “reflection” theory, 
the life of an atom on the surface is simply the duration of a collision, a time 
practically independent of temperature and of the magnitude of the surface 
forces. 

To determine definitely which of the two theories corresponds best with 
the facts, I have repeated Wood’s experiments under somewhat modified 
conditions. A small spherical bulb, together with an appendix containing 
cocoanut charcoal, was heated to 600°C for about four hours while being 
exhausted by a condensation pump. A liquid-air trap was placed between the 
pump and the bulb. Some cadmium was purified by distillation and was dis- 
tilled into the bulb, which was then sealed off from the pump. The cadmium 
in the bulb was then all distilled into the lower hemisphere. By heating this 
lower half of the bulb to about 140°C, the upper half remained clear, but by 
applying a wad of cotton, wet with liquid air, to a portion of the upper hemi- 
sphere, a uniform deposit formed within less than a minute and continued 
to grow, even after the liquid air was removed. 

When the liquid air was applied only long enough to start a deposit, it 
was found in the first experiments that the deposit did not grow uniformly 
but became mottled, or showed concentric rings. The outer edges of the deposit 
were usually much darker than the central portions. By cooling the cocoanut 
charcoal in liquid air, this effect disappeared entirely and the cadmium deposits 
became remarkably uniform in density. It is thus evident that traces of residual 
gas may prevent the growth of the deposit, particularly in those places which 
have been the most effectively cooled. This is probably due to the ad- 
sorption of the gas by the cooled metal deposit. This gas is apparently retained 
by the metal, even after it has warmed up to room temperature, so that vapor 
condensing on the surface evaporates off again at room temperature. 

These results indicate how enormously sensitive such metal films are 
to the presence of gas. However, by using liquid air and charcoal 
continually during the experiments, most of these complicating factors were 
eliminated. 

If all the cadmium is distilled to the lower half of the bulb and this is then 
heated to 220° in an oil bath while the upper half is at room temperature, 
a fog-like deposit is formed on the upper part of the bulb in about fifteen 
seconds. This deposit is very different from that obtained by cooling the 
bulb in liquid air. Microscopic examination shows that it consists of myriads 
of small crystals. According to the condensation-evaporation theory, the 
formation of this fog is readily understood. Each atom of cadmium, striking 
the glass at room temperature, remains on the surface for a certain length 
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of time before evaporating off. If the pressure is very low, the chance is small 
that another atom will be deposited, adjacent to the first, before this has had 
time to evaporate. But at higher pressures this frequently happens. Now 
if two atoms are placed side by side on a surface of glass, a larger amount of 
work must be done to evaporate one of these atoms than if the atoms were 
not in contact. Not only does the attractive force between the cadmium atom 
and the glass have to be overcome, but also that between the two cadmium 
atoms. Therefore the rate of evaporation of atoms from pairs will be much 
less than that of single atoms. Groups of three and four atoms will be still 
more stable. Groups of two, three, four, etc., atoms will thus serve as nuclei 
on which crystals can grow. The tendency to form groups of two atoms increases 
with the square of the pressure, while groups of three form at a rate propor- 
tional to the cube of the pressure. Therefore the tendency for a foggy deposit 
to be formed increases rapidly as the pressure is raised or the temperature 
of the condensing surface is lowered. 

On the other hand, according to the reflection theory, there seems to be 
no satisfactory way of explaining why the foggy deposit should form under 
these conditions. 

Experiments show clearly that when a beam of cadmium vapor at very 
low pressure strikes a given glass surface at room temperature, no foggy deposit 
is formed, although when the same quantity of cadmium is made to impinge 
against the surface in a shorter time (and therefore at higher pressure) a foggy 
deposit results. This fact constitutes strong proof of the condensation evapo- 
ration theory. 

A deposit of cadmium of extraordinary small thickness will serve as a 
nucleus for the condensation of more cadmium at room temperature. Let 
all the cadmium be distilled to the lower half of the bulb. Now heat the lower 
half to 60°C. Apply a wad of cotton, wet with liquid air, to a portion of the 
upper half for one minute, and then allow the bulb to warm up to room 
temperature. Now heat the lower half of the bulb to 170°C. In about thirty 
seconds a deposit of cadmium appears which rapidly grows to a silver-like 
mirror. This deposit only occurs where the bulb was previously cooled by 
liquid air. 

The question arises: how much cadmium could have condensed on the 
bulb in one minute while the lower part of the bulb was at 60°C? 

The vapor pressure of cadmium has been determined by Barus® between 
the temperatures 549° and 770°C. If the logarithms of the pressures are 
plotted against the reciprocals of the temperature, a straight line is obtained - 
from which the following equation for the vapor pressure (in bars) is obtained 
as a function of absolute tempereture 

6060 


log p = 11.77— (1) 
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At 60°C the vapor pressure of cadmium is of the order of magnitude of 
4x107 bars. Now the number of molecules of gas which strike a square 
centimeter of surface per second is 


n= 2.65x 10! pj MT (2) 


Substituting M = 112, T = 333°, and p= 4x10", we find that with 
saturated cadmium vapor at 60°C, n = 5x 10'° atoms per second per square 
centimeter. 

The maximum number of atoms of cadmium which can condense in one 
minute on a spot cooled in liquid air when the lower part of the bulb is at 60°C 
is therefore 3.0 x 10% atoms per square centimeter. The diameter of a cadmium 
atom is approximately 3.1x10-® cm, so that it would require 1.0x 10% 
atoms to cover 1 square centimeter with a single layer of atoms. 

Therefore the deposit which forms in one minute with the vapor from 
cadmium at 60°, contains only enough cadmium atoms to cover 3/1000 of 
the surface of the glass. Yet this deposit serves as an effective nucleus for 
the formation of a visible deposit. 

If the lower part of the bulb is heated to 78° instead of 60°, the nucleus 
formed by applying liquid air for one minute causes a visible deposit to grow 
more rapidly (with the lower part of the bulb at 170°). But the nucleus obtained 
with temperatures above about 78° are not any more effective than those 
formed at 78°. 

A calculation similar to that above shows that the deposit formed in one 
minute at 78° contains 2.510% atoms per square centimeter, or enough 
to cover 25/1000 of the surface. If we consider that the surface of the glass 
contains elementary spaces each capable of holding one cadmium atom, the 
chance that any given cadmium atom will be adjacent to another is 
1 —(1—0.025)’, or 0.16. When the surface is allowed to warm up, the single 
atoms evaporate, but the pairs remain. The surface is then covered to the 
extent of 16% of 25/1000, or 4/1000. About 2% of the atoms striking such 
a surface will fall in positions adjacent to those atoms already on the surface. 
With cadmium vapor at 170°, 1.4x10"5 atoms per square centimeter strike 
the surface each second, so that 2.8 x 10'* would condense in the first second 
around the 4 x 10" atoms remaining on the surface. Thus in only a few seconds 
the whole surface becomes covered with a layer of cadmium atoms. This 
explains why a surface only partially covered with cadmium atoms can serve 
so effectively as a nucleus. If a much smaller fraction than 0.025 of the surface 
is covered, however, there is a long delay in completing the first layer of atoms, 
so that the visible deposit is formed much more slowly. 

The above experiments prove that the range of atomic forces is very 
small and that they act only between atoms practically in contact with each 
other. Thus a surface covered by a single layer of cadmium atoms behaves, 
as far as condensation and evaporation are concerned, like a surface of massive 


Google 


74 The Condensation and Evaporation of Gas Molecules 


cadmium. This absence of transition layer is in accord with my theory of 
heterogeneous reactions.!® 

One of the best proofs of the correctness of the condensation-evaporation 
theory was obtained in experiments in which nuclei formed at liquid air tem- 
perature, were not allowed to warm up to room temperature, but only to — 40°C 
In this case the nuclei were formed in one minute from cadmium vapor at 
54°C. The nuclei which were kept at —40°C developed rapidly into cadmium 
mirrors in cadmium vapor at 170°, while those at room temperature developed 
extremely slowly. A still more striking demonstration of the theory was ob- 
tained when one of the nuclei was allowed to warm up to room temperature 
and then cooled to —40° before exposure to cadmium vapor at 170°. This 
nucleus did not develop nearly as rapidly as that which had not been allowed 
to warm up to room temperature. 

These experiments prove that single cadmium atoms actually evaporate 
off of a glass surface at temperatures below room temperature, although they 
do not do so at an appreciable rate from a cadmium surface. 

This theory affords a very satisfatory explanation of Moser’s breath figures 
on glass and the peculiar effects observed in the formation of frost crystals 
on window panes. In fact, the theory appears capable of extension to the whole 
subject of nucleus formation, including, for example, the crystallization of 
supercooled liquids. 
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THE ADSORPTION OF GASES ON PLANE SURFACES OF 
GLASS, MICA AND PLATINUM 


Journal of the American Chemical Society 
Vol. XL, No. 9, September (1918). 


IN HIS sTUDIES of the continuous change from the liquid to the vapor state, 
at temperatures above the critical, van der Waals developed the theory that 
at the boundary between a liquid and its vapor there is not an abrupt change 
from one state to the other, but rather that a transition layer exists in which 
the density and other properties vary gradually from those of the liquid to 
those of the vapor. . 

This idea of the continuous transition between phases of matter has been 
applied very generally in the development of theories of surface phenomena, 
such as surface tension, adsorption, etc. 

Eucken’, for example, in dealing with the theory of adsorption of gases, 
considers that the transition layer is a sort of miniature atmosphere, the mole- 
cules being attracted to the surface by some kind of ‘‘action at a distance’. 
Bakker* has a very similar theory to account for surface tension phenomena. 
He assumes that the molecules in the transition layer are attracted towards 
one another with a force which is an inverse exponential function of the distance 
between them. 

Colloid chemists have of necessity given a great deal of attention to the 
phenomena of adsorption. Although several ‘‘chemical theories of adsorption” 
have been proposed, most workers in this field favor the view that adsorption 
is a ‘‘physical’’? phenomenon. 

During the year 1914, in connection with studies of electron emission? 
and chemical reactions at low pressures, I became much interested in the 
phenomena of adsorption, and developed a theory® which has been strikingly 
verified by a latge number of experiments carried out since that time. Accord- 
ing to this theory there is an abrupt change in properties in passing through 

1 Eucken, Verh. deut. physik. Ges. 16, 345 (1914). 

2 Bakker, Z. physik. Chem. 89, 1 (1915). 

* Langmuir, Phys. Rev. 2, 450 (1913); Physik. Z. 15, 520 (1914). 

* Langmuir, J. Am. Chem. Soc. 37, 1155 (1915). 

5 A preliminary account of this theory was given in a paper read before the New York section 
of the American Chemical Society in March, 1915. (See J. Am. Chem. Soc. 37, 1165 (1915).) 


A more detailed account was read (April, 1915) before the American Phys. Soc. (See Phys. Rev. 
6, 79 (1915).) 
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the surface of any solid or liquid. The atoms forming the surface of a solid 
are held to the underlying atoms by forces similar to those acting between 
the atoms inside the solid. From Bragg’s work on crystal structure and from 
_ many other considerations we know that these forces are of the type that have 
usually been classed as chemical. In the surface layer, because of the asym- 
metry of the conditions, the arrangement of the atoms must always be slightly 
different from that in the interior. These atoms will be unsaturated chemically 
and thus they are surrounded by an intense field of force. 

From other considerations, I was led to believe that when gas molecules 
impinge against any solid or liquid surface they do not in general rebound 
elastically, but condense on the surface, being held by the field of force of 
the surface atoms. These molecules may subsequently evaporate from the 
surface.? The length of time that elapses between the condensation of a molecule 
and its subsequent evaporation depends on the intensity of the surface forces. 
Adsorption is the direct result of this time lag. If the surface forces are rela- 
tively intense, evaporation will take place at only a negligible rate, so that 
the surface of the solid becomes completely covered with a layer of molecules. 
In cases of true adsorption this layer will usually be not more than one mole- 
cule deep, for as soon as the surface becomes covered by a single layer the 
surface forces are chemically saturated. Where, on the other hand, the surface 
forces are weak the evaporation may occur so soon after condensation that 
only a small fraction of the surface becomes covered by a single layer of adsorbed 
molecules. In agreement with the chemical nature of the surface forces, the 
range of these forces has been found to be extremely small, of the order 
of 10-* cm. That is, the effective range of the forces is usually much less than 
the diameter of the molecules. The molecules thus usually orient themselves 
in definite ways in the surface layer since they are held to the surface by forces 
acting between the surface and particular atoms or groups of atoms in the 
adsorbed molecule. . 

This theory has been tested by a large number of experiments in this 
laboratory. In every case the results have furnished striking confirmation 
of the correctness of the theory. In two recent papers on the “Constitution 
and Fundamental Properties of Solids and Liquids’’* I have presented a large 
amount of evidence in support of the above theory of adsorption emphasizing 
particularly the chemical nature of the forces involved. This chemical theory 


1 After the development of this theory and the publication of the abstracts already referred to, 
I found that Haber (¥. Soc. Chem. Ind. 33, 50 (1914) and Z. Elektrochem. 20, 521 (1914)) in a short 
discussion of a paper by Marc, had already suggested, on the basis of Bragg’s theory, that adsorp- 
tion may be the result of unsaturated chemical forces at the surface of a solid body. 

2 A full discussion of the evidence in support of this condensation—evaporation theory has 
been given in the Phys. Rev. 8, 149 (1916). Further evidence has recently been presented on the 
Proc. Natl. Acad. Sci. 3, 141 (1917). 

3 Part I, ¥. Am. Chem. Soc. 38, 2221 (1916) and Part II, Jbid. 39, 1848 (1917). These articles 
will be referred to in the remainder of the present paper simply as Part I and Part II, respectively. 
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of adsorption is essentially different from previous chemical theories of this 
phenomenon. The earlier workers believed that definite chemical compounds 
were formed on the surface, whereas according to the present theory, the 
adsorbed atoms are chemically combined to the surface atoms of the solid 
(or liquid) but these in turn are chemically combined to those below them, and 
so on throughout the whole mass of the solid. Although the forces involved 
in the formation of such adsorbed layers are not different from those in the 
formation of chemical compounds, yet the chemist has not devised any termi- 
nology for such types of chemical combinations and, therefore, often fails to 
realize the similarity between these phenomena and those typical chemical 
phenomena to which his language applies more directly. 

In the two papers referred to, a large number of experiments are described 
which prove that true adsorbed films do not exceed one molecule in thickness. 
In the first paper (Part I, pages 2269 to 2292) the evidence was for the most 
part indirect and was based primarily on observations of the electron emission 
from heated filaments in various gases at low pressures and of the velocity 
of chemical reactions in gases at low pressures. In the second paper (Part II, 
pages 1858 to 1898), direct proof is given that thin oil films on the surfaces 
of liquids, as well as adsorbed films of substances dissolved in liquids do not 
normally exceed one molecule in thickness. With saturated surfaces the adsorbed 
surface layer consists of a single layer of tightly packed molecules. In fact, 
methods were developed by which it was possible to measure the lengths and 
cross-sections of these adsorbed molecules and to determine with certainty 
how they were orientated on the surface. 

The theory of surface tension which I developed in 1916* and which was 
later elaborated by W. D. Harkins,? also furnishes striking proof that the 
surface layers in pure liquids are normally of the thickness of a single mole- 
cule, and that these molecules are orientated in definite ways. Although with 
liquids, direct proof of the existence of these monomolecular films was obtained, 
the evidence in the case of adsorption by solid bodies was indirect. Only in 
one instance, namely the adsorption of atomic hydrogen on glass surfaces 
(see Part I, page 2270) was direct evidence of this kind found. The theory. 
outlined above leads inevitably to the conclusion that films of gas adsorbed 
on plane surfaces of solids should have no greater tendency to exceed one 
molecule in thickness than do those on liquids. But the conclusions drawn 
by most previous investigators of adsorption of gases by solids have been 
that such adsorbed films have a thickness relatively large compared to the 
dimensions of a molecule. A discussion and a criticism of much of the 


1 See also a shorter and earlier paper on ‘“The Shapes of Group Molecules Forming the Sur- 
faces of Liquids,” Langmuir, Proc. Natl. Acad. Sci. 3, 251 (1917). 

* Abstract published in Met. Chem. Eng. 15, 468 (1916) and in part reprinted in Part II, page 
1849. 

* W. D. Harkins, ¥. Am. Chem. Soc. 39, 354 and 541 (1917). 
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published work have been given in Part I, on pages 2283-5, and in Part II, 
on page 1904. 

There appear to be three main reasons which have led these investiga- 
tors to conclude that adsorbed films are relatively thick. In most cases the 
experiments have been carried out with porous materials such as charcoal, 
so that it has not been possible to determine with certainty the effective ad- 
sorbing surface. Other workers have employed metal foil or other surfaces 
of known area, but in order to get sufficiently large surfaces have packed 
so much foil, etc., into small vessels that enormous numbers of capillary spaces 
were formed. They then employed saturated or nearly saturated vapors bring- 
ing about actual condensation of liquid in the capillary spaces. The third 
cause of error has consisted in the use of substances which actually dissolve 
the vapor thought to be adsorbed. The so-called adsorption of water vapor 
by glass is an example of this kind. 

The experiments to be described in the present paper’ were undertaken 
to determine whether, if these three sources of error were eliminated, the 
quantities of gases adsorbed by solids would not be in agreement with the 
new theory of adsorption. Since it was necessary to use relatively large 
surfaces of solid bodies it was hardly practicable entirely to avoid capillary 
spaces, but by using gases at pressures much below their saturation pressures _ 
the danger of the condensation of liquid in the capillary spaces was avoided. 
It was decided to work with gases at very low pressures, partly to overcome 
the above difficulty, but more particularly to make it easier to measure small 
quantities of adsorbed gases. With a vacuum system of one-half liter capacity 
a single cubic millimeter of gas will give a pressure of 2 bars (dynes per sq. cm). 
A pressure of 0.01 bar may be easily read on an ordinary McLeod gauge so 
that these small volumes of gas may be measured with sufficient accuracy. 
The diameter of molecules of ordinary permanent gases averages about 3 x 10-® 
cm. There are thus about 10" molecules per sq. cm in a monomolecular layer, 
corresponding to 0.04 cubic millimeter of gas per sq. cm at ordinary tempera- 
ture and pressure; therefore, with surfaces of about a square meter, the 
amount of gas required to cover the surface with a single layer of molecules 
is 400 cubic millimeters. 

Three substances were tried, mica, glass and platinum. Mica and glass had the 
advantage that they could be obtained in thin sheets and that the surfaces would 
probably be smoother than most other substances that could be used. Platinum 
was tried as an example of a metallic surface; to be sure that the surface was 
not covered with a layer of oxide or other surface film which might absorb 
gases, it was necessary to use a non-oxidizing metal such as platinum. 

Before taking up the details of the experiments let us consider the general 
theory of adsorption. 

1 These experiments were carried out during the latter half of 1916. A brief summary of the 
most important results was published in ‘‘Part II” page 1904. 
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Theory of Adsorption on Plane Surfaces 


The plane faces of a crystal must consist of atoms forming a regular plane 
lattice structure. The atoms in the cleavage surface of crystals like mica are 
those which have the weakest stray fields of force of any of the atoms in 
the crystal. It is probable that in mica the hydrogen atoms cover most, if 
not all, of the surface, since hydrogen atoms when chemically saturated by 
such elements as oxygen possess only weak residual valence. In the case of 
glass, and other oxygen compounds like quartz or calcite, the surface prob- 
ably consists of a lattice of oxygen atoms. The surface of crystals thus re- 
sembles to some extent a checker-board. When molecules of gas are adsorbed 
by such a surface these molecules take up definite positions with respect 
to the surface lattice and thus tend to form a new lattice above the old. 
A unit area of any crystal surface, therefore, has a definite number of ‘‘elementary 
spaces”, each capable of holding one adsorbed molecule or atom. In general, 
these elementary spaces will not all be exactly alike. There will frequently 
be cases where are two or three different kinds of spaces. For example, in 
a mica crystal it may be that both oxygen and hydrogen atoms, arranged in 
a regular lattice, form the surface in such a way that different elementary 
spaces are surrounded by different numbers or arrangements of atoms. In 
Fig. 1 is given a conceivable arrangement of oxygen and hydrogen atoms 
in a surface lattice: 

HOHHOH 

HHOHHO 

OHHOHH 

HOHHOH 

HHOHHO 

OHHOHH 
Fic. 1. 


If the adsorbed molecules take up positions over the centers of the squared 
formed by 4 of the surface atoms, it is seen from this diagram that there are 


two kinds of elementary spaces, those represented by ae and those repre- 


HO 
OH 
In case the adsorbed atoms arrange themselves directly above the surface 
atoms, there would still be two kinds of elementary spaces. From considera- 
tions of this kind we see that a crystal surface may have spaces of only one 
kind, or may have two, three, or more different kinds of spaces representing 
definite simple fractions of the surface. 

Each kind of elementary space will, in general, have a different tendency 
to adsorb gases. As the pressure of gas is increased the adsorption will then 
tend to take place in steps, the different kinds of spaces being successively 


sented by . For each of the latter there are two of the former kind of space. 
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filled by the adsorbed molecules. The quantities of gas adsorbed in the differ- 
ent steps should in general bear simple stoichiometric ratios to each other. 
For example, suppose adsorption takes place more readily in the spaces rep- 


ne HO. Then the first step in 


the adsorption will be to saturate the spaces and in the second step 


HO 
the HH 
kind as of the former, the second step will represent just twice as much gas 
as the first step. When different gases are adsorbed alternately by the same 
crystal surface the maximum amounts of gas adsorbed will often be related 
in a simple stoichiometric manner. Thus, if each elementary space holds one 
adsorbed molecule, equal volumes of different gases will be adsorbed. It may, 
however, happen that two or three molecules of one gas can occupy a space 
previously occupied by a single molecule of another gas. In this case the maxi- 
mum volumes adsorbed will bear the relation 1:2 or 1:3. Where more than 
one molecule can occupy a single elementary space the forces holding the 
succesive molecules will usually differ. Thus the first molecule may be held 
by a strong force, but when the space is shared by a second molecule the force 
holding each of the two may be much weaker. This will lead to a tendency 
for the adsorption to occur in steps just as though there were several kinds 
of elementary spaces. On the other hand, it may sometimes happen that the 
forces holding each of two molecules may be greater than the force holding 
a single one. Adsorption would then not occur in steps, but according to laws 
quite different from those where only one molecule occupies an elementary 
space. 

The molecules of many gases will be so large that they cannot occupy 
adjacent elementary spaces on the crystal surface. This may cause one-half 
or a third of the elementary spaces to be occupied, in which case stoichiometric 
relation might still exist. It may happen more often that molecules are only 
slightly too large for the elementary spaces so that they occupy adjacent spaces 
only by crowding each other. Phenomena of this kind are very familiar to organic 
chemists, under the name ‘“‘steric hindrance”. This crowding of the mole- 
cules may, in many cases, completely obliterate the stoichiometric relations 
that would otherwise occur. The effect of steric hindrance will be to make 
it difficult to saturate the surface with any adsorbed substance. The exact 
fraction of the elementary spaces which may be filled will depend on a large 
number of factors such as the shape and elastic properties of the molecules 
and their mobility on the surface. 

With amorphous substances like glass, the surface atoms are probably 
not arranged in a regular lattice formation. There will therefore be an in- 
definite number of different kinds of elementary spaces. We should not expect 
the adsorption to occur in steps representing stoichiometric proportions 


resented by in Fig. 1 than in the spaces 


HO 
OH 


spaces will be saturated. Since there are twice as many of the second 
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of gas. The number of elementary spaces may, however, be quite definitely 
determinable so that the maximum amounts of different gases adsorbed may 
still stand in stoichiometric relations. 

We have so far considered only cases in which the maximum amount of 
adsorbed substance is primarily determined by the surface lattice of the solid 
on which the adsorption occurs. In the study of the spreading of oil films on 
water! it was found that stoichiometric relations frequently occured between 
the maximum amounts of different oils adsorbed per unit area. In every case, 
however, the space occupied per molecule depended on the nature and shape 
of the adsorbed molecule rather than upon the structure of the surface of 
the water. In a similar way, with solid bodies, the properties of the adsorbed 
molecules may often determine the amount adsorbed, especially where the 
mobility of the adsorbed molecules is great or where the forces acting between 
adjacent adsorbed molecules are comparable with those holding the molecules 
on the surface. 

From the above considerations it is apparent that the phenomena of ad- 
sorption cover nearly the whole of the chemistry and physics of surface action. 
The complexity and variety of processes involved in adsorption are thus about 
as great as those in physical and chemical changes of state in homogeneous 
media. In the study of adsorption we should therefore expect to find many 
different types of adsorption phenomena and, in general, unless great care 
is taken to simplify the experimental conditions, we should expect the observed 
phenomena to be of the utmost complexity. It is then no longer reasonable to 
look for a single equation which, for all cases, give the relation between the pres- 
sure and the quantity of adsorbed gas. Instead of that, we should look for a 
number of different limiting equations each covering a definite type of adsorp- 
tion. Only by careful control of the experimental conditions will it be possible 
to study each type separately. 

Let us now attempt to develop a quantitative theory of adsorption for 
each of the simple limiting conditions which we may hope to be able to study 
experimentally. 

Case I. Simple Adsorption 


We will first consider adsorption on a plane surface having only one kind 
of elementary space and in which each space can hold only one adsorbed 
molecule. 

The rate at which gas molecules come into contact with a surface is given 
by the equation? 

M 
m= ORT p. (1) 


1 See Part II, pages 1866 and 1902. 

* This equation is a simple modification of the equation giving the rate of effusion of gases 
through small openings (Meyer’s Kinetic Theory of Gases, German edition, 1899, p. 82). Its 
derivation was given by the writer in Phys. Rev. 2, 331 (1913). 
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Here m is the number of grams of gas striking the surface per sq. cm per second, 
M is the molecular weight, T the absolute temperature, p the pressure -in 
bars, and R the gas constant 83.2 x 10° ergs per degree. If we let «4 represent 
the number of gram molecules of gas striking each sq. cm per second, then 
= m/m|M, whence from (1) 


es oP ad — 43. pe Po 
& = aaa (2) 43-75 x10 TMF (3) 

Of all the molecules striking the surface a certain fraction, which we may 
call a, will condense and will be held by the surface forces until the molecules 
evaporate again. As was mentioned above, there is good experimental evidence 
that @ is in general very close to unity. The rate at which gas condenses on 
a bare surface will thus be ay. 

Let N, represent the number of elementary spaces per sq. cm of surface. 
Then, in accordance with the assumptions we have made, the number of gas 
molecules adsorbed cannot exceed N, except by the formation of additional 
layers of molecules. The forces acting between two layers of gas molecules 
will usually be very much less than those between the solid surface and the 
first layer of molecules.1 The rate of evaporation from the second layer will, 
therefore, be so much more rapid than from the first, that the number of 
molecules in the second layer will be negligible. When a molecule strikes 
a portion of the surface already covered it thus evaporates so quickly as to 
be in effect equivalent to a reflection. Therefore, the rate of condensation 
of the gas on the surface is au, where 6 represents the fraction of the surface 
which is bare. Similarly the rate of evaporation of the molecules from the 
surface is equal to »,6,, where », is the rate at which the gas would evaporate 
if the surface were completely covered and 9, is the fraction actually covered 
by the adsorbed molecules. When a gas is in equilibrium with a muriece: these 
two rates must be equal, so we have 








abu = 7,6. (4) 
Furthermore, 
6+, = 1 (5) 
whence 
a OE 
A os %+ap ©) 
Let us place 
a ~ 
ms = 4G. (7) 
Equation 6 then becomes 
eat 8 
= pe. (8) 


1 The case where this assumption does not hold will be considered under Case VI. 
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If n be the number of gram molecules of gas adsorbed per unit area of 
surface, then 7 is given by 
Nf, op 
Net 8 (9) 





where N is the Avogadro constant 6.06 x 10% molecules per gram molecule. 

Equation (9) gives the desired relation between the pressure of a gas, 
which by (3) is proportional to 4, and 7, the amount adsorbed on a plane 
surface. The values of « and 7 can be determined experimentally and from 
these data by means of Equation (9), N, and o, can be calculated. 

The quantity o, which we shall call the ‘‘relative life’, is related in a simple 
way to the ‘‘average life” of an atom of adsorbed gas on the surface. It is 
readily seen that the average life of all the atoms which condense on the 
surface is equal to N,/N»,, while the average life ct of all the atoms which 
strike the surface, is N,a/N»,. From this, by Equation 7, we obtain 

Nai Nor 
t= Neo oN (10) 





whence 


paren 2 
1 Trop’ wy 
For very low pressures, ou becomes negligible compared to unity, so 
that as a first approximation ; 
n= (12) 
At these low pressures the amount adsorbed thus decreases rapidly as the 
temperature is raised, since by (10) t is inversely proportional to »,, the 
rate of evaporation. 
On the other hand, at higher pressures, 0,4 becomes very large compared 
to unity, so that 7, the amount adsorbed, approaches a definite limit or satu- 
ration value 


_t N 
nw == =, (13) 


a 
corresponding to the case where every elementary space contains one adsorbed 
molecule. At these higher pressures the amount adsorbed does not vary with 
the temperature except in so far as N, is dependent on temperature. 

The rate at which the adsorption equilibrium is reached is related to 1, 
the average life of a molecule on the surface. Equation 8 holds after equilibrium 
has been reached. By an analogous method of derivation it may be readily 
shown that the rate at which the adsorption equilibrium is reached is given 
by the following equation: 

N, 46’ 


Ng = (oa toy0" (14) 
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Here 9’ represents the instantaneous value of 6,. Integration gives 
N A 


+Vo 
: Nv,(1+o,h) , 6,—9 ? oo 








The time ¢,, required for the equilibrium to go half way to its final 
value is obtained by placing 6’ = '/,8,. If we then combine this result with 
Equation (10) we obtain 

alae 
a(1+o,y) ° 

Since a is close to unity the ‘‘half period” in reaching equilibrium is always 
less than 1, the average life of an adsorbed molecule. At high pressures when 
the surface is nearly saturated, the equilibrium is reached still more rapidly. 


Case II. More than One Kind of Elementary Space 


Let us assume that the surface contains several different kinds of elementary 
spaces representing the fractions £,, p.. Bs, etc., of the surface so that 


Bit+BatBs+ ... = 1 (17) 

With crystal surfaces the quantities 2,, , etc., will generally be simply 

related (stoichiometric relations). Since each of the different kinds of ele- 

mentary spaces affects the adsorption independently, the result is the same 

as if the total surface were divided into certain fractions, 6,, B,, etc. For each 

of the surfaces an equation of the type of Equation 8 will hold. The total amount 
adsorbed 1 will thus be given by 


(NINo) 1 = B191:+Bx02+Bs9s— «.. (18) 


where 9,, 62, 03, etc., represent the fractions of the various surfaces occupied 
by the adsorbed molecules. 
This equation may also be written 


Ny ae Bio.u _ Bite 


No I+o,u 1+o,4 


tie + (16) 





ete. (19) 


For very small pressures, where the second terms in the denominators 
are negligible, the amount of adsorbed gas is proportional to the pressure, 
but increases much more slowly at higher pressures. If the relative lives 9, 
@,, etc., are markedly different from each other then it is seen that the ad- 
sorption will occur in definite steps as the pressure increases. Thus, if 0, 
is much larger than o,, the first term in (19) will approach the limiting value £,, 
before the second term has become appreciable. At still higher pressures the 
second term will also approach its limiting value, 2;. 


Case III. Adsorption on Amorphous Surfaces 
In general with crystal surfaces there are probably only a few different 
kinds of elementary spaces, but with amorphous bodies such as glass, the ele- 
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mentary spaces, may all be unlike. In such cases we may consider the surface 
divided into infinitesimal fractions, dB, each element having its corresponding 
value of o. If the ‘‘law of distribution” of the relative life o over the surface 
is known, then a formula can readily be derived giving the amount of ad- 
sorption as a function of the pressure. In general, we may therefore place 





N, _ ondp 
Ne dn aa ag (20) 
or 
1 
Nn _ ( opdp 
ae re (21) 


where o is a function of £. The exact form of this function can only be 
determined by a more intimate knowledge of the nature of amorphous sur- 
faces than we now possess. It may, however, be possible by careful experi- 
mental determinations of 7 as a function of 4 to draw certain useful conclusions 
as to the nature of the function o(f). Equation (21) should also apply to 
adsorption by porous bodies. 


Case IV. Each Elementary Space Can Hold More than One Adsorbed Molecule 

Let us assume that each elementary space can hold m molecules. The rates 
of evaporation of the molecules will depend upon the number of molecules 
in the spaces. Let », be the rate of evaporation from a space containing n 
molecules. It is probable that the reflection coefficient a may also vary according 
to the number of molecules in a space. Let a, be the reflection coefficient 
corresponding to spaces containing n — 1 molecules. Let 6 represent the frac- 
tion of the elementary spaces which contain no adsorbed molecules, 6, the 
fraction of spaces containing n molecules, Then 


1 = 040,404 ... +0, (22) 
And the total quantity of adsorbed gas 7 is given by (see Equation 9). 
Ni 
Ne = 0,+26,+305-+ ... 10,. (23) 
When equilibrium has been reached we have 
a,04 = »,0, 
0,0, 4 = 46, (24) 


a30,4 = 303, etc. 
whence if we place a,/», = o, 
6 = 9, /o,n 
0, = 0,40, (25) 
63 = 0503/4470, 
6, = o,630,156,, etc. 
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Substituting these in 22 and 23 and eliminating 0, we find 


Na Gibt2oyop* +3000" «.. 


Ny 1+0,p+0,0,u?+0,0,034°+ ...° 





(26) 


In this equation there are only a limited number of terms in the numera- 
tor and denominator; for example, suppose each elementary space can hold 
two molecules, then g,0,, etc., are each equal to zero, so that there are only 
two terms in the numerator and three in the denominator. An equation of 
this general form may be expected to hold in other cases where adjacent mole- 
cules influence each other’s rate of evaporation. 


Case V. Atomic Adsorption 


In the cases considered above, molecules of adsorbed substance have acted as 
indivisible units; that is, when a molecule evaporated from the surface it con- 
tained the same atoms as when it was first adsorbed. There is good evidence 
that the forces which hold adsorbed substances act primarily on the indi- 
vidual atoms rather than on the molecules. When these forces are sufficiently: 
strong, it may happen that the atoms leaving the surface become paired in 
a different manner from that in the original molecules. 

For example, consider the adsorption of a diatomic gas such as oxygen on 
a metallic surface. Let us assume that the atoms are individually held to the 
metal, each atom occupying one elementary space. The rate of evaporation 
of the atoms is negligibly small, but occasionally adjacent atoms combine 
together and thus nearly saturate each other chemically, so that their rate 
of evaporation becomes much greater. The atoms thus leave the surface 
only in pairs as molecules. Starting with a bare surface, if a small amount 
of gas is adsorbed, the adjacent atoms will nearly always be the atoms which 
condensed together when a molecule was adsorbed. But from time to time 
two molecules will happen to be adsorbed in adjacent spaces. One atom of 
one molecule and one of the other may then evaporate from the surface as 
a new molecule, leaving two isolated atoms which cannot combine together 
as a molecule and are therefore compelled to remain on the surface. When 
a stationary state has been reached there will be a haphazard distribution 
of atoms over the surface. The problem may then be treated as follows: 

Let 6, be the fraction of the surface covered by adsorbed atoms, while 6 
is the fraction which is bare. In order that a given molecule approaching the 
surface may condense (and be retained for an appreciable time) on the sur- 
face, two particular elementary spaces must be vacant. The chance of one 
of these spaces being vacant is 0; that both shall be vacant is 6%. The rate 
of condensation is thus equal to a§%u. Evaporation only occurs when adsorbed 
atoms are in adjacent spaces. The chance that an atom shall be in a given 
space is 6,. Therefore, the chance that atoms shall be in adjacent spaces is 
proportional to 6,2. The rate of evaporation of molecules from the surface 
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is therefore equal to »,,, where, as before, », is the rate of evaporation from 
a completely covered surface. For equilibrium we then have the condition 


al? = 7,63 (27) 
The number of gram molecules 7 of oxygen (O,) adsorbed per unit area is 
given by 


2N: 
Ne = 6. (27a) 


By combining these two equations with 6+0, = 1, we may express 7 
in terms of ~ by means of a quadratic equation. Of most practical in- 
terest, however, is the case where the total amount of adsorption is only suf- 
ficient to cover a small fraction of the surface. We can, therefore, place approxi- 
mately 6 = 1 and obtain 





AL = Van (28) 
where o = a/7,. 

Thus, in this case, even at relatively low pressures, the total amount of 
adsorbed gas varies in proportion to the square root of the pressure. If three 
instead of two elementary spaces are occupied by the atoms of each molecule, 
then the square root relation expressed by (28) becomes a cube root relation. 


Case VI. Adsorbed Films More than One Molecule in Thickness 

With gases or vapors at pressures much below saturation the surface of 
a solid tends to become covered with a single layer of molecules. The reason 
for this is that the forces holding gas molecules (or atoms) on to the sur- 
face of solids are generally much stronger than those acting between one 
layer of gas molecules and the next. When the vapor becomes nearly saturated, 
however, the rate of evaporation from the second layer of molecules is com- 
parable with the rate of condensation so that the thickness of the film may 
exceed that of a molecule. These thicker films may also occur in those cases 
where the forces acting between the first and second layers of adsorbed mole- 
cules are greater than those holding the first layer to the surface. An example 
of this latter kind has been found experimentally in the condensation of cadmium 
vapor on glass: surfaces.! 

Let 6 be the fraction of the surface which is bare, while 6, represents 
the fraction of the surface covered by a layer n molecules deep. Let », be 
the rate of evaporation of molecules from the nth layer, and a, be the reflection 
coefficient of molecules striking the n—1st layer. For simplicity we shall 
assume that each elementary space can hold only one molecule. The problem 
is then identical with that considered under Case IV. Equations (22), (23) 
and (24) are applicable without alteration and the solution of the problem 


1 Langmuir, Proc. Natl. Acad. Sci. 3, 141 (1917). 
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is thus given by Equation (26). In Case IV, however, all except the first 
few of the coefficients, o,, o,, etc., were equal to zero, while in the present 
problem the higher coefficients would tend to be equal to each other but 
different from zero. Both numerator and denominator of Equation (26) then 
become infinite series. We should expect the relative life, o,, of molecules 
in the first layer to be very different from that in the second and subsequent 
layers. There may be a small difference between o, and o;, but as the num- 
ber of layers increases still further the values of o should remain practically 
constant. 

By a simple transformation, Equation 26 may be converted to a form in 
which infinite series are avoided. Dividing both numerator and denominator 
by the numerator, the equation takes the form 


Nn a. 





1 
Ny W/uta+bu+ep t+ ... a 
where 
a=0,—20, 
b = 0,(40,—30,—9,) 
¢ = 20, (60,0, —20,0, +0,0,—0,0,—46,%), etc. (30) 


If, 01, 0g, 03, etc., are equal, all the coefficients in (29) after @ are zero. 
If o, and.o, are different, but all subsequent values of o (i.e., 63, oo, etc.) are 
equal to o,, then all the coefficients in (29) after 6 are zero. Equation 29 thus 
takes a very simple form and shows that at very low pressures 7 is proportional 
to 4, but at pressures close to saturation 7 begins to increase rapidly and 
becomes infinite when saturation is reached. 


Discussion of Theoretical Results 


As far as I am aware no single equation has as yet been proposed which 
is satisfactorily applicable to asorption in genéral. Freundlich’ has used 
the following equation 

q= apt 
to express the relation between g, the quantity of adsorbed gas, and p, 
the pressure, m being a constant greater than unity. As a matter of fact 
this equation agrees very poorly with experiment when the range of pres- 
sures is large. An examination of the data presented by Freundlich shows 
that for low pressures or high temperatures 1/n approaches unity while at 
high pressures or low temperatures 1/n often becomes as small as 0.1. 

These facts are readily explained on the basis of the theory given in the 
present paper. At low pressures or at high temperatures, 0,4 becomes very 
small, so that in Equation (9) this term in the denominator may be neglected 


1 Kapillarchemie, Leipzig, 1909. 
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compared to unity. The amount of adsorbed gas 7 thus varies in proportion 
to the pressure (4), which is equivalent to saying that 1/n in Freundlich’s 
equation is equal to unity. At high pressures or low temperatures the amount 
of adsorbed gas, according to Equation (9), tends to reach a limiting value 
(saturation). As this limit is approached the value of 1/n in Freundlich’s 
equation must gradually decrease. As is to be expected, however, Equation 9 
does not give quantitative agreement with experimental data on adsorption 
by porous bodies. The transition from the part of the curve where 7 is 
proportional to 4, to the part where 7 is constant, takes place over much too 
small a range of pressures. When we take into account, as was done in Cases II 
and III, any lack of homogeneity of the surface, we obtain Equations 19 and 
21, in which the transition takes place as gradually as desired. It is true that 
these equations are inconvenient: to use in practice, but this fact should 
not be used as an argument that they do not actually represent the facts. 
It must be remembered that the phenomena of adsorption by porous bodies 
are inherently very complex and that we should not expect them to be repre- 
sented by a simple formula. 

Experimental evidence that atomic adsorption (Case v) actually occurs 
and is of great importance in chemical reactions has been discussed at some 
length in ‘‘Part I”, pages 2287 to 2296. 


Experimental Part 
I, Experiments with Mica 

Large pieces of high grade muscovite were split to a thickness of about 
0.04 mm, rejecting all pieces which showed any fissures. The outside pieces 
were discarded and the others were never touched except by forceps or 
by the edges. The mica was cut into strips and done up in bundles by 
brass paper fasteners, the individual pieces of mica being separated by narrow 
strips of thin sheet iron placed near their ends. The iron had been thoroughly 
cleaned by heating to a bright red heat in pure dry hydrogen. The total surface 
of the mica was 5750 sq. cm and that of the iron 310 sq. cm; the weight 
of the mica was 24.3 g; the iron 31.3, the brass 3.1 g. 

The bundles of mica were placed in a glass tube 4 cm in diameter by 
10 cm long. A similar tube was used as a blank; it contained no mica, but 
contained the same amount of iron and brass as did the tube with the mica. 
Both tubes were connected by tubing, 2.5 cm in diameter, through traps 
kept continuously immersed in liquid air and through mercury seals, to 
a McLeod gauge. There was provision for exhausting the tubes or the gauge 
by a glass condensation pump. The gases delivered by this pump were col- 
lected in a system ‘‘C” of known volume where the pressure could be measured 
by a second McLeod gauge. A bypass allowed the gas to be returned at will 
back to the part of the system ‘‘B” connected to the bulb containing the mica. 
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All joints were of sealed glass and there were no stopcocks, only mercury seals 
being used. The volumes of all parts of the system were carefully measured 
before assembling. 

From the foregoing description it is seen that the system was divided into 
three parts: A, the bulb containing the mica, together with the liquid air 
trap; B, the part connected to the first McLeod gauge, and C, the part into 
which gas was delivered by the condensation pump. The blank bulb will be 
referred to as A’. The volumes of the parts were: 


A= 593 cc; A’ = 628 cc; B=722 cc; C= 1138 cc. 


Two methods were used in measuring the amount of gas adsorbed by the 
mica. 

Method I. A and B were exhausted, A was then closed and the gas was 
allowed to enter B. From the observed pressure the amount of gas in B was 
calculated. The gas was then allowed to expand into A, and the pressure 
was again noted. From this pressure and the volume of A+B the amount 
of gas in the space was calculated. The difference between this amount and 
that previously found in B alone gave the amount od gas adsorbed on the 
mica, A was again closed and B was pumped out. The gas was allowed to 
expand into B and the pressure was noted. The amount of gas in A+B 
was then greater than that previously in A. The difference gave the amount 
of adsorbed gas which had been released from the mica by the lowering 
of pressure. In this manner the amount of gas absorbed at two pressures 
was obtained. 

Method II. A and B were filled with gas at a pressure usually as high 
as the McLeod gauge would read, and the pressure was recorded. The amounts 
of gas adsorbed in A were not always known. B and C were then well exhausted 
and each part closed off. The gas was allowed to expand from A to B and 
from the pressure the amount of gas released from the mica was calculated. 
Then A was closed off and the gas in B was pumped into C. The gas in 
A was again allowed to expand into B and the released gas determined. 
This process could be repeated as often as desired. Finally, all the gas from 
A and B was pumped over into C, where it was measured. In this way the 
total amount of gas originally introduced into A was found. To save time, 
gas was sometimes pumped from B over to C without closing A; the amounts 
of gas thus removed could always be determined by noting the pressure changes 
in C. 

In making the calculations no corrections were made for adsorption of 
gas by the walls of the apparatus as previous experience had demonstrated 
that the adsorption at room temperature was wholly negligible. 

When the bulbs A and A’ were cooled by liquid air or solid ether it 
was necessary to correct for the decrease in pressure caused by this cooling. 
‘Complications were produced by the fact that when differences of tempera- 
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ture exist, the pressures in different parts of the system are different. At very 
low pressures these pressures are proportional to the square roots of the 
absolute temperatures. This effect, known as thermal effusion, which has 
been described in detail by Knudsen, is very important at low pressures; 
it begins to be important when the mean free path of the gas molecules 
becomes comparable with the diameter of the tubing used. To determine 
this correction experiments were made with the blank bulb, using hydrogen 
at various pressures from 5 bars to 100 bars. The system A+B was filled 
with hydrogen at the given pressure. By cooling the bulb A in liquid air the 
pressure in A+B decreased in a definite ratio. At different pressures different 
ratios were obtained. At 5 bars’ pressure and below-the ratio was constant 
and agreed with the theory that the pressure in the bulb and in B varied 
in proportion to the square root of the temperature. At 60 bars’ pressure and 
above the ratio was again constant and the results indicated that the pres- 
sures in A and B were equal. The transition curve between these two ratios 
was plotted as a function of the pressure. Curves for other gases than hydro- 
gen were then prepared from this on the assumption that the ratios for dif- 
ferent gases would be the same for pressyres at which the free paths of the 
molecules were equal. The fact that at both high and low pressures the ratios 
found with hydrogen agreed well with calculated ratios proved that there 
was no measurable adsorption of hydrogen by glass or mica even at liquid 
air temperatures. The use of hydrogen for calibration purposes was thus 
justified. 

Preliminary Tests. Before obtaining the correction curves just referred 
to, some experiments were undertaken to see if any adsorption by the mica 
could ‘be detected at room temperature without previously heating the mica 
to drive off adsorbed moisture, etc. Nitrogen, hydrogen, oxygen and carbon 
dioxide, at pressure of about 10 bars, were tried, using Method I, but 
in no case was any appreciable adsorption noted. Both with the bulb con- 
taining the mica and with the blank bulb, the quantities of gas in A+B checked 
within one or two per cent with those in B before A was opened. The 
bulbs A and A’ were then thoroughly baked out to drive off gases. Bulb A, 
containing the mica, was heated for 3 hours to about 300°, the maximum 
temperature being 304°, while bulb A’ was heated 4 hours to a maximum 
temperature of 312°. Until near the end of the time of heating, there was no 
liquid air on the trap near A, but it was used on an appendix attached to 
the system C. The moisture and carbon dioxide were thus collected in a small 
volume. By sealing off this appendix by a mercury seal and removing the 
‘liquid air the quantity of moisture plus carbon dioxide was measured. The 
appendix was then cooled to —78° and the carbon dioxide, without the 
water vapor, was allowed to expand into C, where its pressure was measured. 
‘The other gases evolved from the bulbs A and A’ were transferred by a Tépler 


1 Knudsen, Ann. Physik 31, 205 (1910). 
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pump from C into a miniature gas analysis apparatus, where they were mixed 
with an excess of oxygen and burned in contact with a platinum wire. The 
contraction in volume and the amount of carbon dioxide found by the com- 
bustion gave the data by which the amount of hydrogen, carbon monoxide 
and nitrogen were determined. 

The total gases evolved from the bulbs and contents are given in Table I. 

The carbon monoxide was undoubtedly given off by the iron strips used 
as spacers. The water vapor given off by the blank bulb is about what is 
usually obtained from a glass surface of this area. The inside surface of 
the bulb was 340 sq. cm, so that about 1.3 cubic mm of water vapor was 
given off by each sq. cm of surface. Previous experiments with lamp bulbs! 
had given 1.0 cu. mm per sq. cm at 200°; 1.5 at 350°; and 2.2 at 450°. 





Taste I 
Gases Evolved by Heating to About 300° Volumes in Cubic mm at 20° and 760 mm 
es - ae Fp es | ~~ Bulb A an ee Bulb ; 
Gas | (containing mica) | (blank) 
HO? beech tot Prego ye Soe Oe 925 432 
COG ee, Lb hon ee oe Se ae, Ee 1 352 216 
Nive gh denny SG Sn Bhasin eetepig de 27 | 4 


The 1.3 cu. mm per sq. cm corresponds to 33 x 10° molecules per sq. cm, 
assuming closely packed cubical molecules of the same density as liquid 
water. It has already been pointed out (Part I, p. 2284) that these large 
quantities of water are to be regarded as dissolved by the glass rather than 
adsorbed by it. The difference between the 925 cu. mm given off by A and 
the 432 given off by A’ represents the moisture given off by the 5750 sq. cm 
of mica. This corresponds to 0.086 cu. mm per sq. cm or 2.1 x 105 molecules 
per sq. cm, and represents a layer of adsorbed:water two molecules deep. 

When it is remembered that mica contains about 18% of combined water, 
it is remarkable that no larger part escapes during prolonged heating to 
300°. It is probable that mica cleaves along planes containing combined 
water molecules, so that the freshly prepared surfaces are covered by a single 
layer of water molecules, but these form a very intimate part of the surface 
structure only given off with difficulty on heating. This surface in contact — 
with moist air may then adsorb a second layer of water molecules which 
would be held very much more loosely. It would be interesting to determine 
whether the moisture is in fact given off in two steps while the temperature 
is gradually raised. 

The difference between the amount of carbon dioxide given off by A 
and by A’ represents 0.024 cu. mm per sq. cm of mica or 0.59 x10 mole- 


* Langmuir, Trans. Am. Inst. Elec. Eng. 32, 1921 (1913), and “Part I”, p. 2283. 
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cules per sq. cm. The number of molecules of CO, required to form a mono- 
molecular layer is about 0.77 x10"5. It thus appears that the total gas given 
off by the mica corresponds to a double layer of water molecules and a single 
layer of carbon dioxide molecules. The amounts of nitrogen given off were 
comparatively negligible. 

After baking out the bulb, experiments on adsorption at room tempera- 
ture were continued. Nitrogen was first tried but no adsorption could be 
detected. Upon attempting to measure the adsorption of oxygen a remark- 
able irreversible disappearance of oxygen with the bulb A at room tem- 
perature was noted. 

The oxygen in B was allowed to expand into A+B at a pressure of about 
11 bars. Within one minute the amount of the oxygen had fallen from 13.8 
to 7.4 cu. mm; in two minutes to 5.7; in 3 minutes to 4.6; in 5 minutes to 
3.4; in 10 minutes to 1.9; and in 20 minutes to 1.1. About an hour later 
41.0 cu. mm more of oxygen was introduced. In one minute the amount of 
oxygen had decreased to 39.5; in two minutes to 37.6; in 5 minutes to 
34.9; in 10 minutes to 30.9; in 20 minutes to 27.1; in 45 minutes to 22.6, 
and in 15 hours to 6.2. After this fresh quantities of oxygen showed no 
signs of disappearing. Heating the bulb to 300° did not cause the oxygen 
to be given up again. This effect was undoubtedly due to the presence of 
the iron strips. The total amount of oxygen which disappeared was 47.5 cu. 
mn, corresponding to 0.15 cu. mm per sq. cm of iron surface, or to 3.8 x10" 
molecules per sq. cm, enough oxygen to give a layer several molecules deep. 
It is remarkable that the iron was capable of taking up this oxygen at room 
temperature, after having been heated to 300° for 4 hours, even although it 
had previously been exposed to the air for several days. A possible explanation 
seemed to be ‘that the oxygen was used to oxidize carbon monoxide from 
the iron. The liquid air on the trap was therefore replaced by solid car- 
bon dioxide (—78°) but only 8 cu. mm of carbon dioxide was released 
proving that only a small fraction, if any, of the oxygen had been con- 
sumed by reacting with carbon monoxide. 

The data given above show that 6 or 7 cu. mm of oxygen disappeared 
during the first minute, but that thereafter the rate was about one cu. mm 
per min. This seems to indicate that oxygen enough to form a monomolecular 
layer (probably about 5-8 cu. mm) reacted with the iron practically. in- 
stantaneously, but that the reaction then proceeded much slower, time being 
required for the oxygen to penetrate into the surface film formed. That 
the reaction should not cease with the formation of a monomolecular layer 
is not surprising, for at somewhat higher temperatures we know that the 
oxidation of iron continues until the relatively very thick, iridescent films 
are formed. 

According to this interpretation of the results, the sudden disappearance 
of the first 6 to 7 cu. mm of oxygen corresponds to an adsorption, while 


Google 


on The Adsorption of Gases on Plane Surfaces of Glass, Mica and Platinum 


the slow disappearance of the additional quantity was due to absorption. 
The strong affinity between iron and oxygen, however, made the action 
wholly irreversible, so that the oxygen could neither be removed by pumping 
nor driven off by heating. 

Adsorption Experiments with the Bulb Cooled by Liquid Air. Because of 
the poor conduction of heat through gases at very low pressures and the 
small amount of radiation at low temperatures, the mica in bulb A did 
not reach temperature equilibrium for about an hour. Thus, if the bulb 
was immersed in liquid air just prior to the introduction of a gas the pres- 
sure continued to decrease for about an hour, but if the liquid air was applied 
several hours before introducing the gas equilibrium was reached very much 
more rapidly. In one typical experiment in which the bulb had been kept 
cold several hours, there was 104.5 cu. mm of nitrogen in B. After opening 
A, the following observations of the total quantity of free gas in A+B were 
made: one minute, 87.0 cu. mm; two minutes, 84.7; 4 minutes, 81.0; 
7 minutes, 76.7; 10 minutes, 74.0; 13 minutes, 72.8; 18 minutes, 71.7; 23 
minutes, 71.5. The equilibrium was reached much more quickly with bulb 
A’. It is probable that the true adsorption takes place extremely rapidly, 
but that the rate of disappearance of the gas in these experiments was deter- 
mined by the slow diffusion of the gas (especially at low pressures) through 
the spaces between the mica strips. After exhausting B and allowing the gas 
in A and adsorbed on the mica, to expand into B, the pressure in B always 
increased to its final value within less than 30 seconds. To reduce as far 
as possible the time necessary to reach equilibrium, the bulb A or A’ being 
experimented with, was kept cooled by liquid air continuously night and day 
during the course of the experiments. 

The following will serve as an example of a measurement of adsorption 
in bulb A cooled by liquid air (see Table VIII). The parts A and B were 
exhausted to good vacuum (0.02 bar), A was sealed off and pure methane 
was introduced into B to a pressure of 157 bars, representing 112.0 cu. mm 
of gas. The bulb A was then opened and the pressure fell in the course 
of about 15 minutes to 13.4 bars, representing a total of 27.0 cu. mm of 
free gas in A+B. The difference between 112 and 27 or 85 represents the 
amount of gas adsorbed in A. The bulb A was now sealed off while B 
was exhausted. The free gas in A amounted to 17.4 cu. mm. When A was 
opened the pressure in B immediately rose to 11.1 bars, representing 22.0 
cu. mm. The difference between 22.0 and 17.4, or 4.6 cu. mm, is the amount 
of adsorbed gas released from A when the pressure was lowered from 13.4 
to 11.1 bars. The results of this experiment therefore indicate that 85.0 cu. mm 


1 Unfortunately oxygen was accidentally introduced into bulb A’ without measuring it, so 
that this absorption of oxygen could not be studied with the blank. In several other experiments 
in this laboratory I have had similar experiences with bulbs containing iron, so that I feel confi- 
dent that the explanation here given is the correct one. 
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was adsorbed at 13.4 bars and that 80.4 cu. mm were adsorbed at 
11.1 bars. 

A summary of all the results obtained with the bulbs A and A’, cooled 
by liquid air, is given in the following tables. 

The columns headed p give the pressures in bars, while the observed amount 
of gas adsorbed (in cu. mm at 20° and 760 mm pressure) is given under q,,, - 

An examination of these data shows that the adsorption increases with 
the pressure at first nearly linearly, but at higher pressures seems to ap- 
proach saturation. Since we are dealing with plane crystal surfaces and 
with gases far below saturation, it is of interest to see if the formulas de- 
veloped for simple adsorption (Case I) apply to these data. Inspection of 
Equation (9) shows that in this case g and p in Tables II to IX should 
be related by an equation of the form 





_ 7% 
a= pee (31) 
where a and 5b are constants related to o,, No, M and T of Equations (3) 
and (9). 
Equation (31) can be rewritten 
| eee 2 
oat. (32) 


If the results agree with this equation, then when we plot p/q as a func- 
tion of p we should obtain a straight line of slope 1/b having the intercept 
1/ab on the Y axis. The experimental data from each of the Tables II 
to IX have been plotted in this manner and a straight line has been drawn 
to pass as nearly as possible through these points. From the slopes and Y 
intercepts of these lines the values of a and b as given in the tables have 
been calculated. 

The values of q,,; given in the tables have been calculated by means 
of Equation (31) from these values of a and b. The best data are those of 
Tables VII, VIII and IX. Reference to Tables VII and VIII shows that 
You agrees with gq, within experimental error, indicating that the ad- 
sorption takes place according to Equations (31) and (9). The data do not, 
however, agree at all well with Freundlich’s adsorption formula. When the 
data, given for example, in Table VII, are plotted on logarithmic paper 
the points lie along a curved line. At the lowest pressures (3 bars) the 
slope of this line corresponds to an exponent 0.684 while at the highest 
pressures (100 bars) the exponent decreases to 0.20. Drawing a straight 
line as nearly as possible through the points leads to the equation gp = 
8.4 p*47, The last two columns of Table VII show that the agreement 
with the experimental results is very poor. The data in the other tables 
fit in equally badly with the observed values. 
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Tase II 
Adsorption of Nitrogen on Mica (90°K) 
eras “Method Ft ss—SsSSCisS 
a = 0.085 Bulb A b = 325 Bulb A’ 
Pp obs | Weal Gobs 
37.5 24.2 { 24.6 : 8.8 
25.7 22.7 | 22.4 32.3 7.8 
4.04 7.55 8.3 
2.8 6.8 | 6.2 
Tass III 
Adsorption of Methane on Mica (90°K) 
; Method I = aa 
a= 0.107 Bulb A b=97 ij Bulb A’ 
p Gods | Wal p i Gobs 
19.2 65.0 65.0 44.5 ' 17.6 
15.2 59.9 60.0 30.5 15.0 
1.6 11.7 14.2 0.8 3.7 
1.2 11.2 114 
0.4 4.0 4.0 
Taste IV 
Adsorption of Carbon Monoxide on Mica (90°K) 
: 7 : "Method I ee 
a= 0.65 BubA sb = 58.3 Bulb A’ 
_ - | Jobs | p ‘ obs 
j a. 7 | a a = | ae ie a 
430 | | 5338 | 49.1 | 88 
16.8 | 52.3 32.0 | 5.5 
Taste V 
Adsorption of Argon on Mica (90°K) 
3 "Method I — — 
a = 0.065 BubA b= 300 ~ Bulb A’ 
p | | Gods | p : Yoos 
41.5 | 21.8 | 52.8 | 0.8 
28.6 19.5 | 33.9 -1.2 


(Adsorption too small to measure) 
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Tasie VI 
Adsorption of Oxygen on Mica (90°K) 
Method I 
a = 0.0805 Bulb A b=200 | Bulb A’ 

4 | Jods ! Wat | | obs 
42.0 15.0 | 15.4 50.2 | 3.7 
28.4 14.3 14.0 32.8 4.5 

4.65 5.25 5.45 | 

3.36 | 4.18 4.26 | | 

Tasig VII 
Adsorption of Nitrogen on Mica (90°K) 
Method II 
y Freundlich’s formul 
| a= 0,156 b= 38.9 | ay a 8.4 pra? . 
p : obs ' at | Difference qe Diff 
340 3: 330 «| 32.8 —0.2 36.8 +3.8 
23.8 0 | 30.8 i 30.7 -01 | 31.6 +0.8 
17.3 28.2 | 28.4 +0.2 27.3 -0.9 
130 25.5 \ 260 | +05 24.2 ; 13 
9.5 t 23.9 23.2 { -0.7 21.2 —2.8 
TA | 21.6 | 20.8 -08 | 19.1 = 2,5 
610 19.0 19.0 0.0 17.7 | =1.3 
5.0 : 17.0 ! 17.0 0.0 16.3 ! —0.7 
4.0 15.1 | 150 | -01 14.9 -0.2 
3.4 13.4 | 13.5 +0.1 13.9 +0.5 
28 | 12.0 11.8 —0.2 12.9 i +09 
Taste VIII 
Adsorption of Methane on Mica (90°K) 
Method IT 22s 
a = 0.168 | b= 123 
p Jobs | Tat Diff 

13.4 | 85.0 84.8 | —0.2 

11 80.4 79.8 : ~0.6 

9.6 75.9 75.6 —0.3 

8.55 71.6 | 72.4 | +0.8 

7.4 | 67.9 68.1 +0.2 

6.68 64.2 64.9 | +0.7 

5.85 61.2 60.8 | —0.4 

! 
7 Langmuir Memorial Volume IX 
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Tasie IX 
Adsorption of Methane on Mica (90°K) 
Method II 
a= 0.123 a,= 0.19 a,= 0.0181 
b = 108.0 b, = 83.2 by = 35.4 
p obs Ical Diff | Wal Diff 
122.0 | 104.0 101.6 —24 | 104.2 +0.2 
83.0 98.6 98.5 —0.1 99.3 +0.7 
45.0 90.2 91.5 +1.3 90.4 +0.2 
25.8 82.2 82.2 | 0.0 80.2 —2.0 
17.3 71.2 73.5 +23 118 0.4 
12.8 60.6 65.9 +5.3 65.6 +5.0 
8.0 52.7 53.6 +09 54.6 H +19 
5.2 43.7 41.8 1.9 | 44.3 +0.6 
3.7 36.3 33.8 —2.5 36.2 —-0.1 
2.7 30.6 27.0 —3.6 29.9, -0.7 

















In Table IX, where there is a much greater range of pressures, the agree- 
ment between ¢,,, and q,., (Col. 4) is much less satisfactory. It was there- 
fore attempted to express the results in terms of Equation (19) (Case II) 
using only two terms. By a somewhat laborious method of trial the constants 
a, = 0.19, b, = 83.2, a, = 0.0181, and 5b, = 35.4, were found to give best 
agreement. The last two columns of Table IX give the results calculated 
in this manner. The results appear to lie within the experimental error. The 
observed value of q corresponding to the pressure 12.8 is undoubtedly in 
error, as it cannot be made to fit into a smooth curve with the other data. 

The data obtained with the blank bulb were rather meager. Except in 
the case of nitrogen (Table II) the amount of adsorption by the blank bulb 
does not exceed 10 or 20% of that in the bulb containing the mica. With 
nitrogen the fraction was about one-third. No attempt was made to subtract 
the adsorption in the blank from that in the other bulb in order to obtain the 
adsorption by the mica itself as the accuracy of the results hardly warrants 
such a calculation. The results therefore obtained from bulb A are to be 
considered as being 10 to 30% too high. 

The results obtained with the same gas at different times, as for ex- 
ample with nitrogen in Tables II and VII, and with methane in Tables III, 
VIII and IX, do not agree very well with each other. It is likely that this 
variation may be due to the rise in the temperature of the liquid air as 
the nitrogen gradually boils out and leaves the oxygen. No record was kept 
of these temperature changes. 

Adsorption with the Bulb Cooled by Frozen Ether. Some data were obtained 
with the bulb A cooled by frozen ether (155°K). These are given in Tables X 
and XI. No measurements were made with bulb A’ at this temperature. 
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Taste X 
Adsorption of Various Gases on Mica (155°K) 
Method I Bulb A 

















Gas | - obs Wal a | b 
Neitc e 65.8 | 62 = | 6.3 0.0176 11.8 
37.5 48 4.7 
39 | 0.43 0.75 
220 | 0.430 | 0.43 
CH”... s 22 616 | 89 8.9 0.009 25.0 
35.9 6.1 6.1 
41 0.40 0.89 
1.3 0.46 0.29 
COw 58 64.3 62 | aa 0.0069 20.0 

37.1 41 
Ar i seas 63.0 +68 | 0.024 11.2 
36.0 52 | 
Opel a8 65.2 | 3.5 4c 0.043 47 
36.4 2.9 a bs “d 
COs fis 42.0 + 48.2 48.5 oot | 65.0 
26.4 42.6 | 421 a 
1.31 5.38 5.5 
1.14 482 | 4.85 














The amount of adsorption at this temperature was from 5 to 20% of that 
observed with the same gas at the lower temperature. For this reason the 
experimental errors are relatively greater. 


Taste X1 
Adsorption of Carbon Dioxide on Mica (155°K) 
Method II Bulb A : 




















a= 0.085 | b= 57.3 

p Jobs | Wat Diff 
172.0 55.0 . 53.6 1.4 
98.0 499 | S14 +1.2 
414 446 | 44.6 0.0 
20.6 35.2 36.4 +1.2 
11.9 2.9 28.8 +19 
73 21.1 | 22.0 +0.9 
48 16.9 16.6 —0.3 
3.19 | 13.8 12.2 —1.6 
2.06 | 9.2 : 8.6 —0.6 
1.60 6.2 | 6.9 +0.7 
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II, Experiments with Glass 


Nearly 200 microscope cover glasses 2.5 cm in diameter and 0.14 mm 
thick furnished the adsorbing surface for this experiment. The glasses were 
separately slightly bent by momentarily heating in a gas flame so that they 
would not pack together when placed loosely into the bulb. The total surface 
of the glasses used was 1966 sq. cm and their volume was 13.6 cu. cm. They 
were placed in a bulb (A) 15 cm long and 3.6 cm inside diameter having 
a volume of 164 cc. Another similar bulb (A’) (volume 152 cc.) was used 
as a blank. These bulbs were connected to the same vacuum system as used 
in the experiments with mica, but to reduce the uncertainty in the volume 
cooled by liquid air, the tube connecting the bulb to the system was made 
1.2 cm instead of 2.5 cm in diameter, and similar reduction was made in 
the dimensions of the liquid air traps. These changes considerably increased 
the accuracy of the results. The bulbs, cover glasses and liquid air traps 
were thoroughly cleaned before sealing to the vacuum system by heating 
with conc. sulfuric acid and potassium bichromate and washing well with 
distilled water. 

Great care was taken in calibrating the apparatus with the bulbs and traps 
cooled to different temperatures. It was thought that some errors might 
be caused by a diffusion pump effect, owing to mercury vapor passing 
from the mercury seals into the liquid air trap. This might cause the pres- 
sure in the bulbs to be somewhat greater than indicated by the gauge. Experi- 
ments were therefore undertaken at a wide range of pressures, cooling the 
traps by ice. The diffusion pump effect was found to be negligible at pres- 
sures above 10 bars and at lower pressures the maximum error produced was 
not over a few per cent. These small corrections were applied in calculating 
the amounts of gas adsorbed. 

On baking out bulbs A and A’ at 300° for one hour the quantities of gas 
given in Table XII were evolved. 








Taste XII 
Gases Evolved by Heating Bulbs to 300°. Volumes in cubic mm at 20° and 760 mm 

| Bulb A _ Bulb A’ | Cover 

Gas { (containing | (blank) glasses 

7 - cover glasses) | 

HiO 6, Ses See eee | 476.0 | 122.0 354.0 
COs, ie ate ede & 82.0 18.0 64.0 
Non-condensable gases (Nz?) 62.0 | 13.0 } 49.0 





The ‘‘non-condensable” gas was probably all nitrogen, as previous ex- 
perience had shown that nitrogen is the only ‘‘non-condensable” gas given 
off in heating glass. The inside surface of bulb A’ was about 180 sq. cm, 
so the amounts of gas given off from this bulb per sq. cm were 0.68 cu. mm 
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of water vapor, 0.10 of carbon dioxide, and 0.07 of nitrogen. These quantities 
are less than those found with the blank bulk in the experiments with mica. 
The shorter time of heating accounts for the difference. 

The amount of gas given off by the cover glasses per sq. cm corresponds 
to 0.18 cu. mm of water vapor (4.5 x10") molecules; 0.032 of carbon dioxide 
(0.81 x105 molecules); and 0.025 of nitrogen (0.63 x105 molecules). These 
amounts correspond to the following number of layers of molecules: 4.5 for 
water vapor, 1.05 for carbon dioxide, and 0.9 for nitrogen. The previous 
heating of the glass for bending probably accounts for the relatively low 
values for water vapor. It should be noted that the amounts of nitrogen 
and carbon dioxide correspond to monomolecular layers of these gases. 

Experiments were undertaken to detect adsorption of various gases with 
bulbs A and A’ at room temperature and at pressures ranging from 30 to 
110 bars. With hydrogen, nitrogen, carbon monoxide, argon and methane 
no adsorption could be observed, that is, the adsorption was less than 0.5 
cu. mm when 100 cu. mm of gas was admitted to bulb A. With carbon dioxide, 
however (using solid ether on the trap), about 1.0 cu. mm of gas was ap- 
parently adsorbed in bulb A at a pressure of 110 bars. The results obtained 
with bulbs A and A’ immersed in liquid air are given in Tables XIV to XVII. 
It is seen that the adsorption observed with bulb A’ was practically negligible, 
the small amounts recorded being not much greater than the experimental 
errors. 




















Taste XIII 
Adsorption of Carbon Monoxide on Glass (90°K) 
Oe ee a) - Method 1 Sonroie a 
2 “Bulb A - a : 
ae _enaane er ae eae Bulb A’ 
b= 66 | a= 0.083 | b&=162 | __ ; 
Pp \ Jobs | Wat | Diff p | obs 
616 ' 20.0 20.2 +02 | 820 | 1.0 
31.5 | 18.5 : 18.4 \ —0.1 40.1 0.7 
17.3 : 16.2 16.2 | 0.0 
9.7 14.0 ' 13.9 jl —0.1 
5.8 | 11.8 | 11.9 ‘ +01 
2.7 96 | 9.6 0.0 cc 
1.4 8.3 | 8.2 -0.1 5 | 





The results with carbon monoxide (Table XIII) do not give a straight 
line when 9/q,,, is plotted against p and therefore do not satisfy Equa- 
tion (31), but the results are well expressed by the equation 





f a,b,p 3 
=b4+ Tee (33) 
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TaBLe XIV 
Adsorption of Argon on Glass (90°K) 
Method IT 
a= 0.0511 | Bulb A | b= 118 H Bulb A’ 

p “qos | Tat Diff ' p | Gobs 
30 | 94 93 » -o1 | 76.0 1.0 
37.3 75 775 40.250 37.5 0.6 
19.6 6.3 5.93 —0.37 ' 

10.6 ' 4.3 4.15 —0.15 

57 | 256 | 2.67 +0.11 
2.2 1.20 1.20 0.0 

1.0 0.40 | 0.57 | = +017 

Taste XV 
= Adsorption of Oxygen on Glass (90°K) 
ae Method II 
a=00799 | —‘BulbA | b= 8.46 Bulb A’ 

p 7 ovs | Yat 1 Diff p | Jobs 
71.0 71 | 7A5 +0.05 81.0 | -0.1 
35.5 6.3 6.24 —0.06 39.0 +01 
185 | 5.0 5.01 | 40.01 - we 
9.7 3.5 3.66 + 40.16 Pa 
5.0 2.19 | 2.40 ; +0.21 an | 
1.3 1.15 | 0.79 «| 036 = | “ 

0.7 ; 0.63 | 0.44 0.19 

Tasre XVI 
Adsorption of Methane on Glass (90°K) 
Method II 
- 7 7 
3 lb : Bulb A’ 
6 =20 | a, = 0.0638 | by = 22.4 
? | Gobs fl eat : Diff F Goos 
2 
67.0 20.3 20.2 <o1-° | 80.0 0.2 
34.8 17.3 17.5 | +0.2 39.0 0.3 
19.3 | 14.3 | 144° | | 401 
11.6 | 11.3 11.5 +0.2 

7.0 9.0 89 -0.1 
3.4 | 614 | 5.98 | —0.16 | 
190 | 4.35 | 


4.42 +0.07 





Original from 
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Taste XVII 
Adsorption of Nitrogen on Glass (90°K) 
Method I i 
a = 0.088 Bulb A 6 = 13.5 | Bulb A’ 
p | Jobs p | obs 
73.0 | 11.7 | 82.5 | +0.8 
36.5 10.3 40.8 —0.7 





This equation is readily deducible from Equation (19) (Case II), by making 
o, so large that unity is negligible compared with o,4. In other words, the 
data of Table XIII indicate that the adsorption of carbon monoxide occurs 
in two stages. At pressures lower than those used in the experiment (1.4 
bars), a part of the surface becomes saturated with 6.6 cu. mm of gas. 
Over the range of pressures used, adsorption then proceeds in a normal 
manner and the rest of the surface tends to become saturated at the highest 
pressures by taking up an additional 16.2 cu. mm of gas. It should be noted 
that at the end of this experiment all the gas was pumped from the systems 
A and B into C. The total volume of the gas then in C was 5.3 cu. mm 
less than the amount originally let into the system. It appears, therefore, 
that some carbon monoxide is so strongly adsorbed on glass surfaces (or 
possibly by the mercury of the condensation pump) that it cannot readily 
be removed by pumping. A similar phenomenon, although much less strongly 
marked, was observed in the adsorption of methane, Table XVI. In this 
case 2.0 cu. mm was strongly adsorbed at pressures below 1.9 bars, while 
at high pressures 22.4 cu. mm more was needed to saturate the surface. 

The data obtained on adsorption by glass agrees with Equations (31) and 
(33) within the experimental error. The magnitude of these errors is shown 
by the results with the bulb A’. In some cases negative values for the adsorp- 
tion were obtained, the largest negative value being —0.7 cu. mm. 


Discussion of Results with Mica and Glass ' 

The results have shown clearly that equations of the type of (9) or (19) 
are applicable to adsorption of gases by plane surfaces of glass or mica. 
It now remains to calculate the constants Nj, o and # from the experimental 
data, and to see whether these values of N, correspond to adsorbed layers 
not exceeding one molecule in thickness in accordance with the proposed 
theory of adsorption. 

By dividing Equation 31 by b and comparing with (9) we find the fol- 
lowing relations: 

on = ap (34) 


_ Nog = Nn (35) 
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Now q and 7 are proportional to one another, g being the number of cu. mm 
of gas adsorbed on the surface s of the glass or mica, and 7 being the 
corresponding number of molecules per sq. cm. Since one cu. mm of gas 
at 20° and 760 mm pressure is 4.16 x10-* gram molecules we have 


1 = 4.16 x10-* q/s. (36) 


Substituting this in (35) and placing N = 6.06 x10 molecules per gram 
molecule we have 


No = 25.2 X10" b/s. (37) 
Dividing (34) by Equation (3) gives 
o = 22,860 ay MT, (38) 


where M is the molecular weight of the gas and T is the temperature at 
which the adsorption takes place. From Equations (37) and (38) the coeffi- 
cients N, and o can be directly calculated from the experimental data on 
6 and a. Tables XVIII, XIX and XX give a summary of the results. The 
values of 5 given in previous tables have here been calculated over to the 
basis of cu. mm of gas per sq. meter of surface in order to make the results 
for mica and glass comparable. In other words, the values of b’ are equal 
to b/s. 

As a test for the correctness of our theory of adsorption it is of especial 
interest to compare the values of N, in these tables with the number of 
molecules required to cover the surface with a single layer. In the first 
place, it should be noted that the order of magnitude of the values of No 
is in good agreement with that of the number of elementary spaces on the 
surfaces of solids. Thus, if the average distance between atoms is 3 x10-® cm 
the area covered by each is about 9 x10—5 sq. cm and the number of atoms 
per sq. cm is about 10°. 

The approximate number of molecules needed to form a monomolecular 
layer may be estimated from the density of the adsorbed substance in the 
liquid state. Thus, the ‘‘ molecular volume” of liquid nitrogen is 35.5 cu. cm. 
Dividing this by N = 6.06 x10, and taking the cubic root, gives for the 
diameter of the molecule (assumed cubical) the value 3.88 x10-° cm. The 
number per sq. cm is therefore 0.66 x10". In a similar way we obtain for 
methane, 0.63 x10'5; for carbon monoxide, 0.66 x10; for argon and oxygen, 
0.77 x105; and for carbon dioxide, 0.61 x10". 

The observed values of N, are all less than these calculated results. The 
ratios between N, and the numbers of molecules in a monomolecular layer 
as given above, are given under the heading B in the last column in Tables 
XVIII, XIX and XX. This ratio represents the fraction of the saturated 
solid surface covered by adsorbed molecules on the assumption that the 
size of the adsorbed molecules is the same as that in the liquefied gas. These 
experiments therefore prove that even with saturated surfaces of mica and 
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Taste XVIII 
Adsorption by Mica at 90°K 
a 
Num- No molecules | 
Gas Table} ber a Cu. mm i - per | B 
f ob: per Seconds 
of obs aq. meter | sq. cm 
Nols 8g ues 2 aot 0.085 56.5 97,000 0.142 x 105 0.22 
Ng 3: at ehs0 7 11 0.156 67.6 178,000 0.170 x 105 | 0.26 
CH, . | 3 5 0.107 169.0 92,000 0.426 x 10% 0.68 
CH, . 8 7 0.168 214.0 145,000 0.54 x10" 0.86 
7 to | {019 *) {145.0]"| f 164,000 }’ 0.365x105)}* | 0.58 
CH. j loos |. 61.5 15,600 0.155 x 108 0.25 
CO n. 220s) 3 4 2 0.65 100.0 740,000 0.252 x 105 0.38 
AT SAAS, <d 5 2 | 0.065 52.2 88,000 0.131 x 108 0.17 
(6 er 6 4 0.080 34.8 | 97,000 0.088 x 102° ; O11 
1 The first values correspond to a, and 6, while the second correspond to a, and by. 
Taste XIX 
Adsorption by Mica at 155°K 
ey | | an 
' Num- ! 
H ' Cu. mm o 
Gas Table pe a a _ Seconds | No B 
| i | 8q. meter | | | 
Ngee cas ro! 4 0.0176 20.5 26,000 0.052 x 108 | 0.08 
CH, ....: 10 | 4 0.009 43.5 10,000 0.109 x 10'5 ; 0.17 
COP S045 10 2 | 0.0069 34.8 10,000 0.088 x 10** 0.13 
AP oe aoe 10 2 0.024 19.5 43,000 0.049 x 1015 0.06 
Ogireas %o2 10 |; 2 0.043 | 8.2 69,000 0.021 x 10° ; 0.03 
co, 10 ; 4 0.071 | 113.0 134,000 0.284 x 105 0.47 
co, 11 10 ! 0.085 | 99.0 160,000 0.250 x 10% 0.41 
Taste XX 
Adsorption by Glass at 90°K 
Num-/ Cu as | a | 
Gas | Bs i | o | ~ per Seconds No | B 
| | sq. meter ] 
| 'f 1. 33.6 sas 0.085x 10%] 0.13 
CO..... 13 | 7 | (0.083 | \ 824 95,000 0.208x10"f | 10.32 
AS Te eh Stee ) 14 7 | 0.051 60.0 70,000 0.151 x 105 | 0.20 
Oe ki 2s “15 7 3 0.079 43.0 97,000 0.108 x 105 ; 0.14 
: a 10.2 ceee 0.026 x et | 0.04] 
CH, 16 | 7 | \0.064f | \114.0 55,000 0.288x10%f |) 0.36 
Nees eae 17 2 | 0.088 69.0 101,000 0.174 x 10% » 0.26 
t | : 





1 Values corresponding to 


a, and ay, respectively. 
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glass the amounts of gas adsorbed are always less than the amounts needed 
to form a monomolecular layer. In this connection it should also be re- 
membered that the results given for the adsorption by mica are somewhat 
too high, since they were not corrected for the adsorption by the blank bulb. 

The fact that 8 is so variable and so much less than unity suggests that 
the adsorption of most of these gases does not occur over the whole sur- 
face, but only where the arrangement of the surface atoms is such as to 
give particularly strong stray fields of force. The adsorption thus takes place 
in the manner discussed under Case II or Case III, but over a large part 
of the surface the value of o is so small as to be negligible under the 
conditions of these experiments. 

If we arrange the gases in order, according to the amounts required to 
saturate the surface, as indicated by 5’, No or B we find that this order is 
the same in all three sets of experiments, namely, methane, carbon mon- 
oxide, nitrogen, argon and oxygen — methane being the most and oxygen 
the least adsorbed. The order of the boiling points of these gases is methane, 
oxygen, argon, carbon monoxide and nitrogen. The high boiling point of 
methane is probably related to the large values of 8 for this gas. Carbon 
monoxide, however, is much more strongly adsorbed and oxygen much 
less adsorbed than would be expected from their boiling points. It seems 
that the unsaturated carbon atom of the carbon monoxide plays an important 
part in the adsorption of this gas. The small adsorption of oxygen is perhaps 
due to the surface of mica and glass being covered with chemically saturated 
oxygen atoms. The chemical inertness of argon as compared to nitrogen 
also seems to play a part in the relative adsorption of these gases. 

An inspection of the tables shows that the values of a or o are much 
more erratic than those of 5 or N,. The order in the different tables is 
different and they bear little relationship to other properties of the gases. 
In fact even in experiments with the same gas, variable results for a were 
obtained. It is probable that the rate of evaporation of the molecules, on 
which a and o are dependent, is very sensitive to slight changes, in the ar- 
rangement of the surface atoms of the solid such as may be caused by tem- 
perature changes or the previous adsorption of the gases. Effects of this 
kind were frequently observed (not published) during the course of ex- 
periments on the evaporation and condensation of cadmium on glass surfaces. 

It is of interest to compare the ‘‘relative lives” o in the tables, with the 
values of o corresponding to the evaporation of gas from the liquefied gas 
at the same temperature. For a liquid in equilibrium with its saturated vapor 
an equation analogous to Equation 4 must, hold, namely 


ap =», (39) 


where ay is the rate of condensation and » is the rate of evaporation. As 
before, we may place a/y=o, so that the equation reduces to ou = 1. 
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The value of o may thus be calculated by Equation (3) from the vapor pres- 
sure of the liquefied gas at the temperature of the experiment. Table XXI 
gives the results for the different gases at 90° and 155°K. 








Taste XXI 
“* Relative Lives” o of Molecules in the Surfaces of Liquefied Gases in Seconds 
Gas | T= | T= 155° 
Ng es G2 SE, Eee | 0.30 0.013 
CHy 6 Bi ee ee ee | 5.5 0.070 
COs. a8 5, ses, abo, oes ee | 0.50 0.021 
AR esis od | 0.96 0.022 


OS ei aso ays. 6 ee ' 1.24 0.029 
16.5 





The values of o give the time in seconds required for the evaporation 
of one gram molecule per sq. cm. Comparing these results with the ‘‘relative 
lives” of the adsorbed molecules on the mica and glass surfaces, we see 
that the latter are many thousands or even millions of times greater. The 
ratio between the two lives are summarized in Table XXII. 


Tasre XXII 
Relative Increase in ‘‘ Life’ of Molecules on the Surface Caused by Adsorption 











Gas | Adsorbed on mica | Adsorbed on glass 
| 90°K . ‘155°K | 90°K 
NGS, 2 Sd ol? Sine % 440,000 2,000,000 | 330,000 
OH baa wm Som | 24,000 140,000 10,000 
COR es sig aes | 1,500,000 480,000 190,000 
AS ig. i Sod, de ae 92,000 | ne eee 73,000 
Op reer sire | 80,000 frees | 78,000 
COS ood, iis 8S [it —_* Bites | 9000 je * @ Saucers 





The forces involved in the adsorption of these gases are thus very much 
more intense than those holding the molecules of the liquids together. This 
increase is most marked in the cases of carbon monoxide and nitrogen, and 
least marked with carbon dioxide and methane. 


III. Experiments with Platinum 

The platinum used in these experiments was a piece of pure platinum 
foil 15.3 x10.2 cm with a thickness of 0.0010 cm. The weight was 4.03 g 
and the total surface 312 sq. cm. The platinum foil was cleaned by heating 
to a bright red heat for several minutes in a Bunsen flame, boiling in hydro- 
chloric acid, and finally washing throughly in distilled water. The sheet 
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was folded or crimped so that it could be placed in a tube 1.8 cm inside 
diameter without providing capillary spaces due to contacts between dif- 
ferent parts of the platinum surface. A similar glass tube (volume 30 cu. cm) 
without platinum served as a blank. The vacuum system was the same as 
in the experiments with glass. 

After exhausting the bulb and drying the system for 24 hours by cooling 
an appendix in liquid air, the bulb containing the platinum was baked out 
for one hour at 350° with the condensation pump operating continuously. This 
heating caused the evolution of 18.3 cu. mm of hydrogen, 5.8 of carbon 
monoxide, 17.7. of carbon dioxide, 92 of water vapor and 1.2 of some non- 
condensable gas probably mostly nitrogen. A similar heating of the blank 
bulb gave only 55 cu. mm of water vapor, 4.6 cu. mm of carbon dioxide 
and 0.5 cu. mm of nitrogen. The smaller amounts of water vapor and carbon 
dioxide given off from this bulb are probably to be accounted for by the 
fact that the blank bulb before baking out was dried at room temperature 
several days by a trap cooled in liquid air. The combustible gases hydrogen 
and carbon monoxide must have come entirely from the platinum. The 
volume of these gases, however, is only about one-tenth of the volume of 
the platinum. 

In the first tests to measure adsorption it was found that the quantities 
of gas adsorbed were negligibly small, never more than a few tenths of a cu. mm. 
The gases tried were hydrogen, oxygen and carbon monoxide, with the bulb 
at. room temperature and also cooled by liquid air. Since the calculated 
amounts of these gases required to form a monomolecular layer over the sur- 
face of the platinum range from 8 to 10 cu. mm, the amount of adsorption 
by this platinum foil was much less than that observed with either mica or 
glass. 

Hydrogen (111 cu. mm) and oxygen (102 cu. mm) were now introduced 
together into the system (pressure 120 bars). At room temperature and at 
liquid air temperatures no adsorption and no reaction between the gases 
were noted, but when the bulb with the platinum was heated to 130° the 
gases slowly reacted to form water vapor, which condensed in the liquid 
air trap. At 240° the reaction became very rapid and continued until within 
fifteen minutes, the total volume of gas had decreased to 1.6 cu. mm. Not 
only had all the hydrogen reacted with the oxygen, but the excess of 46 cu. mm 
of oxygen had also disappeared. It is probable that this oxygen reacted with 
hydrogen and carbon monoxide dissolved in the platinum which had not 
been removed by baking out at 350° in vacuum. With the bulb at 275°, 
hydrogen was now admitted. In the course of a few minutes 3.1 cu. mm 
disappeared, but continued heating caused no further disappearance. After 
pumping out the hydrogen, oxygen was admitted with the bulb at the same 
temperature. About 4.0 cu. mm of this gas disappeared. A mixture of 106 cu. 
mm of oxygen with 93 of carbon monoxide was then admitted with the 
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bulb at room temperature. This mixture contained an excess of 59 cu. mm 
of oxygen above that necessary to react with the monoxide. Although carbon 
monoxide and oxygen usually require a higher temperature than hydrogen- 
oxygen before reaction begins, the platinum now caused these gases to react 
slowly at room temperature, the amount of gas decreasing from 200 to 157 cu. 
mm in half an hour. Upon heating to 250° the reaction continued more 
rapidly until only 39 cu. mm of oxygen remained. This indicates that besides 
the oxygen which reacted with the carbon monoxide an additional quantity 
of 20 cu. mm reacted with something from the platinum. This treatment 
lasting several hours, seemed, however, to have removed nearly the last 
of this oxidizable substance from the platinum. 

The platinum was now found to be in a permanently active condition towards 
oxygen-hydrogen, as well as towards oxygen-carbon monoxide. That is, it 
caused the catalytic combination of these gases even at room temperature. 
The activation had been brought about, as in many other similar experi- 
ments in this laboratory, by heating the platinum with a mixture of hydrogen 
and oxygen. Heating in either gas alone does not cause activation. It is 
also remarkable that the oxygen does not react with the oxidizable impurity 
in the platinum until after the activation of the platinum. 

The next experiment showed that the quantities of oxygen and carbon 
monoxide which disappeared when these gases were brought into contact 
with the platinum were not in stoichiometric ratio, but depended on the 
previous history of the platinum. Thus, if the platinum had previously 
been in contact with the oxygen an abnormally large amount of carbon 
monoxide disappeared when a mixture of the gases was introduced into 
the bulb. Similarly, after an excess of carbon monoxide had been used, there 
was an abnormal disappearance of oxygen. 








TaBLe XXIII 
Disappearance of Oxygen and Carbon Monoxide in Presence of Platinum Foil at 
200°C 
| Initial | Final | Abnormal 
Run Gas amount ' amount | disappearance 
1 of Seeing 2 | 2C0+0, a ee ea 
; co i 34.4 19.0 1 15.4 
Dota AC and nt ange ; 2CO+0, | 4 | obs wot 
co 33.4 | 326 0.8 
Be as Os ial Sea hen | 2CO+0, 59.7: bee De 
O; | 216 | 13.0 8.6 
Aes tion BML es -  2CO+0, 590 |... Pods 
' Oy 196 | 19.4 y 0.2 
She bal DS Ae 2CO+0, 00) | Pree be 
co 60 6=6| 0.04 | 60 
i 
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These phenomena are illustrated by the data given in Table XXIII, 
which were obtained with the bulb at 200°. Prior to Run I the platinum 
had been in presence of an excess of oxygen. In the first run a mixture 
of gas consisting of 63.2 cu. mm of carbon monoxide with 14.4 of oxy- 
gen was prepared in the part of the system denoted by B. This mixture 
may be looked upon as consisting of 43.2 of a mixture of equivalent parts 
of carbon monoxide and oxygen, together with an excess of 34.4 of carbon 
monoxide. When the bulb A was opened the gas immediately began to disap- 
pear, fully half of it going within the first minute, although about 20 min- 
utes was needed for the pressure to’ become steady. There remained only 
19.0 cu. mm of carbon monoxide. There was thus an abnormal disappearance 
of 15.4 cu. mm of carbon monoxide. In the second run an excess of carbon 
monoxide was again used, but this time practically the whole of the excess 
of carbon monoxide remained. In the next two runs (3 and 4) the mixtures 
contained an excess of oxygen. In the first of these runs there was an ab- 
normal disappearance of 8.6 cu. mm of oxygen, but practically none in the 
second run. In the fifth run no oxygen was added. The 6 cu. mm of carbon 
monoxide disappeared completely. Judging from the first run, a much 
larger quantity would have disappeared if it had been present. 

These results prove that either gas, added in excess, becomes adsorbed 
on the platinum and subsequently reacts with the other gas when brought 
into contact with it. For example, the abnormal disappearance of 15.4 cu. mm 
of carbon monoxide in the first mn may be explained by assuming that 
part of this gas reacted with oxygen previously adsorbed and that another 
part became adsorbed on the platinum in place of the oxygen thus removed. 
To determine the actual amounts of oxygen and carbon monoxide required 
additional information. A series of runs was therefore made in which the 
amount of carbon dioxide formed by the reaction was measured. As the 
previous runs had shown that it was unnecessary to have oxygen and carbon 
monoxide present together in order to observe these adsorption phenomena, 
it was decided to introduce the gases alternately to the bulb containing 
the platinum. The results of these experiments are summarized in Table XXIV. 
As an explanation of the meaning of the data given in the table, let us consider 
the first two runs in more detail. 

Just prior to Run 1 the platinum had been in contact with an excess of 
oxygen at 200°. While the bulb was maintained at this temperature it was 
well exhausted and the liquid air was removed from the trap to release all 
condensed carbon monoxide. After replacing the liquid air, carbon monoxide 
(35.9 cu. mm, Col. 4) was introduced. The pressure began to decrease 
immediately and in a few minutes the quantity of gas had decreased to 20.3 
cu. mm, This contraction of 15.6 cu. mm (Col. 5) indicated a disappearance 
of this quantity of carbon monoxide. This residue was then pumped out 
and the liquid air was again removed from the trap. The carbon dioxide 


Google 


The Adsorption of Gases on Plane Surfaces of Glass, Mica and Platinum 111 


‘Taste XXIV 
Treatment of Platinum Alternately with Oxygen and Carbon Monoxide 



































ee a ae See 8 0 
Run Gas |Temp. prssion a ‘sca. aneakees Loss | Loss 
cu. mm | cu. mm | cu. mm oO; co of O, | of CO 
co | 200° | 35.9 15.6 11.2 5.6 44 
2. 0, | 200 | 30.0 8.5 3.9 6.6 st ad 
3. co | 200 | 25.0 148 | 105 ae 43 +s 
4. 0, | 330 | 29.0 12.7 3.9 10.8 at = 
5. co | 330 | 29.0 13.4 10.5 a 29 = 
6. 0, | 330 | 29.6 8.9 1.2 8.3 va oe 
Pc, co | 100 |! 284 11.5 73 at 4.2 a | 
8. 0, | 100 | 27.4 5.6 41 3.5 is a 
9. co} 100 | 266 11.4 73 I Kip 
10. 0, | 20 | 266 4.5 3.6 2.7 at a 
"1. co! 2 | 278 8.5 42 4 43 or 
12... | O, | 2 | 290 45 3.5 28 | i 























(11.2 cu. mm, Col. 6) which was thus released and measured, was produced 
by the combustion of 5.6 cu. mm oxygen (Col. 7) adsorbed on the platinum, 
together with 11.2 out of the 15.6 cu. mm of carbon monoxide which disap- 
peared. The remainder of the carbon monoxide, namely 4.4 cu. mm (Col. 8), 
was presumably adsorbed on the platinum. 

In the second run 30.0 cu. mm of oxygen was introduced, The contraction 
was 8.5 cu. mm and 3.9 cu. mm of carbon dioxide were formed. This carbon 
dioxide must have been produced by the reaction of 1.95 cu. mm of oxygen 
with 3.9 cu. mm of carbon monoxide (Col. 8) adsorbed on the platinum. 
The remainder of the 8.5 cu. mm of oxygen which disappeared, namely 
6.6. cu. mm (Col. 7), was presumably adsorbed by the platinum. 

The 4.4 cu. mm of carbon monoxide (Col. 8) adsorbed in Run 1 and 
the 3.9 cu. mm found in Run 2 should agree except for a possible loss 
of adsorbed gas from the platinum while the bulb is being exhausted prior 
to the succeeding run. The corresponding pairs of values are indicated by 
brackets and the corresponding differences are given in Col. 10. An exami- 
nation of the table shows that in every case the second value is lower than 
the first, indicating that a small fraction of the carbon monoxide actually 
escapes in this manner, especially when the platinum is at the highest tem- 
peratures, This conclusion was also confirmed by later direct observations. 
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In a similar way, the values for the amounts of oxygen adsorbed occur 
in pairs as indicated by brackets. In this case also, with one exception, 
the first value is larger than the second. Subsequent experiments have shown 
that adsorbed oxygen cannot be driven off the platinum by heating to 330°, 
so this loss of oxygen cannot be due to this cause. It is more probable that 
a trace of the oxidizable matter (probably hydrogen) still remained in the 
platinum and that part of this reacted with oxygen. This conclusion is sup- 
ported by the fact that the loss (Col. 9) was much greater at 330° than at 
200° and was negligible at 100° and at 20°. 

A comparison of Tables XXIII and XXIV shows that the ‘‘abnormal 
disappearance” of oxygen and carbon monoxide due to adsorption is in no 
wise dependent on the presence of both gases, Thus, in Table XXIII 15.4 
cu. mm of carbon monoxide and 8.6 cu. mm of oxygen disappeared after 
runs in the other gas. Runs 1 and 2, of Table XXIV, give 15.6 cu. mm 
of carbon monoxide and 8.5 cu. mm of oxygen as the disappearance at the 
same temperature. From these results the amounts of gas adsorbed by the 
platinum (not removable by exhausting) were as given in Table XXV. 














Taste XXV 
Amounts of Oxygen and Carbon Monoxide Adsorbed by Platinum 
7 | Oxygen | Carbon monoxide 
Temp. 7 
| cu. mm | No | cu. mm | No 
yg Caan ae | 2.1 017x108 =| 3.6 | 0.29 x 10% 
100...... 3.6 0.29 41 | 0.33 
200...... 5.4 0.44 3.9 | 0.32 
330. 1s ww 5.2 0.42 | 1.2 | 0.10 
| 





The number of molecules adsorbed per sq. cm of surface, tabulated in 
the columns headed Ng, is thus somewhat greater than the number adsorbed 
by mica and glass (see Tables XVIII, XIX and XX), but still never exceeds 
the amounts corresponding to a layer of tightly packed molecules. 

The results of Table XXV_ indicate that the amounts of oxygen ad- 
sorbed increase as the temperature increases, while with carbon monoxide 
the adsorption decreases at the higher temperatures. To throw more light 
on these effects of temperature and also to see whether, under other con- 
ditions, greater quantities of gas could not be adsorbed, another series of 
experiments was undertaken. To remove all traces of oxygen and carbon 
dioxide from the platinum, it was heated and exhausted at 360° and an 
excess of carbon monoxide was introduced. After the bulb was cooled to 
room temperature the excess of carbon monoxide was pumped out. No 
appreciable amount of carbon monoxide came off the platinum while pumping. 
However, by heating the bulb to 360°, 4.8 cu. mm of carbon monoxide was 
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driven off and by continued pumping for an hour with the bulb at this 
temperature another 0.9 cu. mm was obtained. The platinum still retained 
about 1.2 cu. mm of carbon monoxide, for when oxygen was introduced 
some of this disappeared and 1.2 cu. mm of carbon dioxide were produced. 
Runs of this kind were repeated several times with concordant results. From 
this it may be concluded that at room temperature, platinum thoroughly 
saturated with carbon monoxide has adsorbed on it about 6.9 cu. mm, 
corresponding to N, = 0.56 x10"*, which checks well with the amount to 
be expected in a monomolecular layer. Carbon monoxide driven off the 
platinum at 360° is completely readsorbed when the platinum is cooled to 
room temperature, . 

The behavior of oxygen films adsorbed by platinum is quite different. 
To saturate the platinum thoroughly it was heated to 360° for several hours 
in presence of 3 separate portions of oxygen until no further disappearance 
of oxygen occurred, The oxygen was pumped out with the bulb still hot, 
an excess of carbon monoxide was introduced; 14.4 cu. mm of this disappeared 
immediately and 11.8 cu. mm of carbon dioxide were formed. This in- 
dicates that at 360°, 5.9 cu. mm of oxygen had been adsorbed on the 
platinum and that this was replaced by 2.6 cu. mm of carbon monoxide. 
On allowing the bulb to cool, an additional amount of 4.4 cu. mm of carbon 
monoxide was adsorbed by the platinum, making a total of 7.0 cu. mm in 
good agreement with the 6.9 cu. mm recorded above. Cooling the bulb in 
liquid air caused no preceptible increase in the amount adsorbed. The 
amount of oxygen adsorbed at 360°, namely, 5.9 cu. mm, is somewhat 
greater than that previously observed at 330° (see Table XXV). It cor- 
responds to N, = 0.48 x10". In another case the platinum was again thor- 
oughly saturated with oxygen at 360° and was allowed to cool in this gas, 
but there was no evidence of either an increase or a decrease in the ad- 
sorption. On heating again to 360° no oxygen was evolved. The oxygen 
thus seems to be held to the platinum much more firmly than the carbon 
monoxide. 

The adsorption of these gases by platinum is clearly due to very strong 
chemical forces of the type represented by primary valence. The action with 
oxygen seems to be wholly irreversible, so that this gas can be removed from 
the platinum only by reaction with carbon monoxide, hydrogen, etc. With 
carbon monoxide, the gas is partly driven off by heating, but only with 
relative difficulty. This behavior is in marked contrast with that observed in 
the adsorption of gases by mica and glass, where forces involved are of 
the secondary valence type. The specific nature of the adsorption of gases 
by platinum offers further confirmation of this conclusion, Qualitative 
observations have shown that hydrogen is adsorbed in quantities similar to 
those of oxygen and carbon monoxide, but that carbon dioxide, nitrogen, 
etc., are not appreciably adsorbed by the platinum at room temperature. 
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To throw more light on this distinction between the two types of adsorption 
some experiments were undertaken to measure the adsorption of carbon mon- 
oxide and oxygen by platinum cooled by liquid air. Very interesting results 
were obtained. The platinum was first treated with an excess of carbon 
monoxide and heated in a good vacuum to 360°. The bulb was cooled by 
liquid air and then carbon monoxide was introduced in successive small 
quantities. The first 4 cu. mm _ were adsorbed practically completely as 
soon as introduced. On further additions the amount adsorbed increased only 
very slowly until at a pressure of 16 bars it was 4.8 cu. mm. The liquid 
air was now removed and the bulb was immediately packed in loose cotton, 
so that it would warm up slowly. The pressure rose in 1.5 minutes from 
16.0 to 18.6 bars and then very gradually decreased to 16.8. The increase 
in pressure from 16.0 to 16.8. corresponded closely to the expansion of the 
gas in the small volume of the bulb previously cooled by liquid air, so that 
the increase in pressure to 18.6 bars indicated unmistakably that roughly 
3 cu. mm of gas adsorbed on the platinum at liquid air temperatures, was 
released by a moderate rise in temperature and that this gas became re- 
adsorbed when the temperature approached room temperature. A check run 
with the blank bulb did not show any corresponding release or adsorption 
of gas during warming. 

It is evident from these data that at liquid air temperature platinum 
adsorbs carbon monoxide in much the same way that glass does, that is, 
by secondary valence forces. With a moderate rise in temperature this gas 
is released, but in the neighborhood of room temperature the reaction velocity 
becomes sufficient for the platinum to react (primary valence) with the carbon 
monoxide to form a much more stable adsorbed film. 

To study the behavior of the platinum towards oxygen under similar 
conditions, the platinum was first freed from carbon monoxide as far as 
possible by prolonged exhaustion at 360°. Previous experience had shown 
that only 1.2 cu. mm of carbon monoxide remain after such treatment. The 
bulb was now cooled by liquid air and small quantities of oxygen were in- 
troduced, Six-tenths cu. mm disappeared by adsorption without perceptibly 
increasing the pressure and then 1.3 cu. mm more were adsorbed while 
the pressure rose to 18 bars. On removing the liquid air as before, the pres- 
sure rose somewhat (18.9 bars), but not more than corresponded to the expan- 
sion of the gas in the bulb. The pressure then gradually decreased, so that 
when the bulb had reached room temperature it was only 18 bars. On standing 
overnight the pressure finally decreased to 17.3 bars. This indicated that 
1.9 cu. mm more of oxygen had been adsorbed by the platinum on warming 
up to room temperature, making a total of 3.8 cu. mm adsorbed. On heating 
the bulb to 360° there was a further disappearance of 2.4 cu. mm of oxygen 
and a production of 1.22 cu. mm of carbon dioxide, which. was probably 
formed by the oxidation of the 1.2 cu. mm of carbon monoxide presumably 


Google 


The Adsorption of Gases on Plane Surfaces of Glass, Mica and Platinum 115 


originally present on the platinum. Of the oxygen which disappeared, 2.1 
cu. mm therefore were probably adsorbed, making a total of 5.9, in good 
agreement with results previously obtained at this temperature. There is 
no doubt therefore that the adsorption of oxygen by the platinum increased 
steadily from about 0.6 cu. mm at liquid air temperatures up to nearly 6.0 
at 360°. 

Some further work was done with the platinum foil in studying the velocity 
of the reaction between oxygen and carbon monoxide, and between oxygen 
and hydrogen. This may be reported on at a later time. The results, however, 
were rather erratic, owing to unaccountable changes in the catalytic effect- 
iveness of the platinum. From time to time the reaction velocity would become 
relatively very slow, although no foreign gas in quantity sufficient to form 
a monomolecular layer seemed to be present. Heating the platinum in presence 
of a mixture of oxygen and hydrogen always restored the activity. It was 
thought that mercury vapor or water vapor might account for the variations 
in reaction velocity, but this was not borne out by experiments made to test 
this point. 

It was my intention to make a thorough study of the causes underlying 
the activation and passivation of the platinum as well as to study the adsorption 
of hydrogen and other gases by the platinum at various temperatures. Unfor- 
tunately, the work has had to be discontinued indefinitely before results along 
these lines were obtained. 


Summary 


According to the theory previously developed, gaseous molecules im- 
pinging on a solid or liquid surface do not in general rebound elastically from 
the surface, but condense on it, and are held or adsorbed on the surface by 
forces similar to those holding the atoms or group molecules of solid bodies. 
If these forces are weak the ‘“‘life” of the adsorbed molecules on the surface 
is short, so that the number of molecules adsorbed at any times is relatively 
small. On the other hand, when the forces are strong the rate of evaporation 
of the molecules may be so slow that the surface becomes practically completely 
covered by a monomolecular layer of adsorbed molecules. In the present 
paper this theory is extended and is developed along quantitative lines. 

The theory requires that in typical cases of true adsorption the adsorbed 
film should not exceed one molecule in thickness. This is contrary to the 
usual viewpoint. The discrepancy is accounted for by the fact that nearly 
all investigators have worked with porous bodies in which the adsorbing surface 
is indeterminate or have used nearly saturated vapors so that condensation 
of liquid occurred in capillary spaces. Others have mistaken solution or 
absorption for true adsorption. 

The mechanism of adsorption is discussed at some length. The forces 
causing adsorption are typically chemical and exhibit all the great differ- 
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ences in intensity and quality characteristic of chemical forces. The ad- 
sorption of so-called permanent gases by solids usually involves only sec- 
ondary valence forces. A great many cases of adsorption, particularly by 
metals, are caused by primary valence forces. Under certain conditions 
stoichiometric relations should govern the amounts of gas adsorbed on satu- 
rated surfaces. These relationships may fail to hold because of steric hindrance 
effects between the adsorbed molecules. 

Equations are developed which give the relation between the amount 
of adsorbed gas and the pressure and other variables under various assumed 
conditions. No single equation other than purely thermodynamic ones should 
be expected to cover all cases of adsorption any more than a single equation 
should represent equilibrium pressures for all chemical reactions. 

Experiments were undertaken to measure the adsorption of several common 
gases by plane surfaces of mica, glass, and platinum. By using pressures 
of 100 bars (approximately 0.1 mm of mercury) or less, small quantities 
of gas were more easily measured and the danger of condensation of liquefied 
gas in capillary spaces was avoided. 

At room temperature the adsorption by mica and glass was negligible, 
certainly not over one per cent of the surface being covered by a single 
layer of molecules, At —183° and at —118°C, relatively large amounts of 
gas were adsorbed, except in case of hydrogen. At the higher pressures used, 
the surfaces tended to become saturated with gas. The maximum quantities 
adsorbed even with saturated surfaces were always somewhat less than 
the amounts to be expected in a monomolecular layer. The results are sum- 
marized in Tables XVIII, XIX and XX. The amounts of the different gases 
adsorbed by saturated surfaces of mica and glass were always in the fol- 
lowing order: hydrogen, oxygen, argon, nitrogen, carbon monoxide, methane, 
and carbon dioxide. 

The amounts of these gases adsorbed by mica and glass varied with the 
pressure in accordance with Equation 9, which was deduced for the case 
of simple adsorption. The adsorption of these gases was easily and quickly 
reversible. 

The phenomena observed with platinum were quite different. No ad- 
sorption of gases could be observed even at —183°, until the platinum had 
been ‘‘activated” by heating to 300° in a mixture of hydrogen and oxygen 
at low pressure. After this activation, hydrogen and oxygen or carbon monox- 
ide and oxygen reacted together readily at room temperature in contact 
with the platinum. The platinum was then found capable of adsorbing 
oxygen, carbon monoxide or hydrogen. The maximum quantities of oxygen 
and carbon monoxide corresponded to monomolecular layers. The oxygen 
could not be driven off either by heat or by pumping. When the platinum 
was in contact with an excess of oxygen the amount of oxygen adsorbed 
increased as the temperature was raised, but the action was irreversible. 


Google 


The Adsorption of Gases on Plane Surfaces of Glass, Mica and Platinum 117 


Adsorbed carbon monoxide could not be removed by pumping at room 
temperature, but at 300° part of it could be pumped off. When oxygen 
was brought in contact with carbon monoxide adsorbed on the platinum 
‘it reacted rapidly to form carbon dioxide, which at room temperature showed 
no tendency to be adsorbed on the platinum. In a similar way carbon mon- 
oxide brought into contact with adsorbed oxygen reacted immediately. These 
cases of adsorption are clearly due to chemical forces of the primary valence 
type. 

Further work needs to be done to determine the cause of the activation 
of the platinum. 

In conclusion, the writer wishes to express his appreciation of the valu- 
able assistance of Mr. S. P. Sweetser, who carried out the experimental part 
of this investigation. 
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ABSTRACT 


An equation is derived which gives the accommodation coefficient a of a gas striking a 
surface as the ratio of the observed heat loss from the surface to the theoretical heat loss that 
would be observed if all the gas molecules came to thermal equilibrium with the surface. The 
experiments show that at temperatures above 600°K the values of a for hydrogen (0.20 mm 
pressure) are greatly reduced by the presence of oxygen on the surface of the tungsten. Oxygen 
is inevitably produced in a tube when a tungsten filament is burned at T> 1500°K in hydrogen, 
as the atomic H thus formed dislodges oxygen from the walls even when the walls are cooled 
in liquid air. Hydrogen is adsorbed on tungsten at T<1200°K in two different forms, both 
of which reduce a from its value for bare tungsten. A film of the first type, which is adsorbed 
at T’< 600°K, changes over into the second type slowly at 600°K and rapidly at 1100°K. 
The numerical values of a range from 0.537 for bare tungsten to 143 for tungsten with an ad- 
sorbed hydrogen film of the second type, and 0.094 for tungsten with an adsorbed film of 
oxygen. At T < 200°K an oxygen film forms which increases a to 0.422 at 150°K, provided 
that a small concentration of oxygen is continually present in the gas phase. 


THE HEAT taken up by a gas at low pressures from a hot metal surface is 
governed by a factor which Knudsen’ has named the ‘‘accommodation coef- 
ficient” of the gas. This coefficient measures the extent to which a gas of 
known temperature striking a surface of a different temperature ‘‘accommo- 
dates” its temperature to that of the surface. Knudsen defined the accommo- 
dation coefficient a as follows 
a= (Ty—T,)/(T;-T)) (1) 
where 7, is the temperature of the molecules before they strike the surface, 
T, the temperature of the molecules when they leave the surface, and 7; 
the temperature of the surface. Then a is less than unity when the molecules 
fail to reach thermal equilibrium before leaving the surface. 
The definition in Eq. (1) is open to the objection that the concept of 
a temperature 7, of the molecules leaving the surface has no clearly defined 
meaning unless the molecules leave the surface with a Maxwellian distribu- 
tion of velocities. If thermal equilibrium is not reached, it is almost certain 


1M. Knudsen, Ann. d. Physik 34, 593 (1911). 
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that the distribution is not Maxwellian. Therefore, in this paper a is defined 
in terms of the heat which the molecules carry away from the surface. The 
theoretical heat loss from the surface which would occur if the incident mole- 
cules reached thermal equilibrium with the surface has been calculated ac- 
cording to the kinetic theory, and a represents that fraction of the theoreti- 
cal heat loss which is observed experimentally. The experimental values are 
obtained by subtracting from the watts consumed by a filament at a given 
temperature in the presence of gas, the watts consumed by the filament at 
the same temperature in vacuum, the resistance of the filament affording 
in each case a measure of the temperature. 

Previous papers®*:* have described the mechanism of heat conduction 
from small wires in a gas. When heat is conducted by a gas from a wire of 
diameter d and temperature 7, placed in the axis of a tube of diameter 5 
and wall-temperature T,, there exists between the wire and the gas adjacent 
to the wire a temperature drop which may be a large fraction of (T—T,) when 
the pressure of the gas is low. Let T, be the temperature of the gas at a dis- 
tance of one mean free path 4 from the wire, so that the temperature drop is 
(T—T,). Then T, may be calculated‘ when W,, the heat carried from the 
wire per cm of length per sec, is known, for W, is carried from the region 
of temperature T, to the walls according to the ordinary laws of heat conduc- 


tion. We have 
W, = 2n($.—$;)/In [b/(d +22)] (2) 
where 


oo—¢,= f "KaT (3) 


K being the coefficient of heat conductivity of the gas. Numerical values of 

(¢a—91) are given in Table I, calculated for 7, = 80°K; 7, had this value 

since the liquid air used in our experiments was nearly pure nitrogen. The 
Tasie I 


¢.—¢; for Hydrogen. T, = 80°K 








Ta | o,—9, 

deg. K Watt deg. cm™* sec~, 
80 | 0.0 

100 0.0126 

150 i 0.056 

200 | 0.114 

250 | _ 0.185 

300 1 0.270 





* I. Langmuir, Phys. Rev. 34, 401 (1912). 
* I. Langmuir, 7. Am. Chem. Soc. 36, 1708 (1914). 
“1. Langmuir, ¥. Am. Chem. Soc. 37, 417 (1915). 
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values of K used in making the calculations were taken from measurements 
made by Eucken® at temperatures from 81.5°K to 373°K. 
The gas molecules which strike the filament come from the region of tem- 
perature T,, and the number which strike the filament per cm* per sec is® 
n = p/(2nmkT,)'* (4) 
where p is the pressure in dynes per cm*, m the mass of a molecule, and k 
the Boltzmann constant (1.371 x10-"* ergs per deg. K). The average internal 
energy of each incident molecule is (8—3/2)kT, where Bk is the specific heat 
at constant volume per molecule, expressed in ergs per deg. K. When hy- 
drogen is cooled to low temperatures, the specific heat approaches that of an 
ideal monatomic gas,’ and # has the value 3/2 at 45°K; at higher tempera- 
tures the specific heat increases to the values characteristic of diatomic gases, 
and B = 2.42 at 273°K, and 2.68 at 1000°K. But the average kinetic energy® of 
each of the n molecules which strike a surface per cm* per sec is 2kT,, so that 
the incident molecules bring a total energy of 2(8+1/2)kT, ergs cm-* sec™* 
to the filament. If the molecules reach thermal equilibrium before leaving 
the filament, they carry away n(8+1/2)kT ergs cm-* sec}, so that the tota 
energy loss in ergs cm~ sec ? is® 
W = (8+2)pk(T—T,)/(2mkT,)". (5) 
If the molecules do not reach thermal equilibrium, the total energy loss W, 
per cm length of the filament is a fraction of zd W such that 
W, = andW (6) 
and 
a = W,(2mkT,/x)"*/[4(B+ 3)pk(T—T,)]. (7) 
The experiments which will be described in this paper were made with 
hydrogen at 0.20 mm pressure in a cylindrical tube 6.4 cm in diameter con- 
taining hairpin filaments of tungsten wire 0.00779 cm in diameter. 
Expressing W, in watts per cm, p in mm of Hg, and placing d = 0.00779 
cm, and m = 3.32 x10-* g for hydrogen, we have 


a = 119.5W(T,)"*/[(B+3)p(T—T.)]. (8) 


Evidence that Surface Films are Formed on the Filament 


Preliminary measurements of the heat loss from a tungsten filament in 
hydrogen at constant pressure gave results that were reproducible at high 


* A. Eucken, Phys, Zeits. 12, 1101 (1911). 

* I. Langmuir, Phys. Rev. 2, 329 (1913). 

7 Int. Crit. Tables, V, 82. 

® O.W. Richardson The Emission of Electricity from Hot Bodies, 2nd Ed. p. 156. 

® This differs from the value given in 1915 by the addition of the term k/2 to the specific 
heat. Eq. (5) checks with the equation given by Knudsen 


W = 43.46 x 10-(T,— Ty)(cplevt I)p/[(MT)* (ep/ev—1)]8/cal. 
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filament temperatures (above 2000°K), but when the filament was operated 
at a dull red heat the wattage consumed at a given resistance was higher 
in some experiments than in others. Since such variations never occurred 
when the filament was in vacuum, the change in heat consumption was at- 
tributed to a change in the heat loss to the gas. It was found that the change 
had been occasioned by the procedure of sending a discharge of a few milli- 
amperes at 100 volts through the gas, for a filament that had been cathode 
of this discharge would subsequently show a higher heat loss than a filament 
that had been anode or disconnected in the discharge, or that had been in- 
candescent in the presence of hydrogen with no discharge. But a filament that 
had the property of showing a high heat loss would lose this property instan- 
taneously if heated to 2000°K or more in hydrogen without a discharge. 

These observations led to the belief that the change in heat loss was due 
to some change taking place at the surface of the filament itself, and not in 
the main body of the gas. In other words, since the factor which controls the 
transfer of heat at the surface is the accommodation coefficient, whereas the 
factor controlling transfer in the gas is the heat conductivity, the observed 
changes were to be attributed to a change in the value of the accommodation 
coefficient. This conclusion was borne out by the test of pumping all of the 
hydrogen out of the tube, and replacing it with fresh pure hydrogen; when- 
ever this was done, and whatever the heat loss of the filament might be, the 
loss was found to be exactly the same with fresh hydrogen as it had previously 
been with the old hydrogen. 

Experiments were therefore planned for the purpose of learning what 
properties of the surface were responsible for producing changes in the accom- 
modation coefficient. The properties of the surface to be investigated fell 
into two classes: the composition of the surface layer, and the temperature of 
the surface. The procedure for investigating heat loss consisted in measuring 
the current and voltage of a filament, over a range of currents, and then calcu- 
lating the corresponding watts and resistance from these data and plotting 
them in a curve, similar to one of the curves in Fig. 1. The curves marked A 
and B represent the heat lost by a filament in hydrogen, and the curve marked 
V the loss from the same filament in vacuum. The vertical distance from an 
A-curve or a B-curve to the corresponding point on the V-curve is therefore 
a measure of the heat lost to the gas when the filament has the temperature 
which corresponds to the resistance at which this vertical distance was meas- 
ured, 

Any change which takes place in the accommodation coefficient causes 
the rate of loss of heat by the filament at a given temperature to be changed, 
so that the watts measured at any given resistance R, are caused to vary 
along a line such as the line OP in the diagram, moving in the direction of P 
as the coefficient increases. Thus in order to study the effect which the com- 
Position of the surface layer had upon the accommodation coefficient, the 
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surface was subjected to a variety of treatments, and after each treatment the 
watts were measured at a chosen resistance which was the same for every test 
and was called the testing resistance. When studying the effect which tem- 
perature alone might have upon the accommodation coefficient, the composi- 
tion of the surface layer meanwhile remaining constant, it was found that 
there were certain ranges of temperature within which the temperature of 





Fic. 1. Typical curves showing heat loss from tungsten filament in hydrogen, 
plotted against resistance of filament. 


the filament could be shifted up or down without altering the surface layer, 
and data taken in this way lay along one of a family of curves such as A or B. 
The first tube contained three filaments which could be operated independ- 
ently of one another, making it possible to study the simultaneous effects 
which any process taking place within the tube had upon filaments of differ- 
ent temperatures and potentials. 

As soon as it was known that a filament showed a higher heat loss at 
1000°-1400°K in some experiments than in others, due to the treatment which 
the filament had received in a 100-volt discharge, an effort was made to 
single out the individual factors in the experimental conditions which led to 
this effect. As a result, methods were gradually found of widening the spread 
in the values of the heat loss until the spread could be made much greater 
than had been at first observed. As the experiments proceeded it became ap- 
parent that the values of the heat loss tended to group themselves about 
a maximum and a minimum value in a way that suggested that there were 
two distinct states in which the filament surface could exist; and that all values 
between the maximum and the minimum represented a surface condition 
intermediate between these two states. The filament states were therefore 
named Y, the state having the maximum heat loss to the gas W,, and X having 
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the minimum heat loss W,. The wattage consumed by the filament in vacuum 
will be called W,; then W, and W, each represent the difference between 
total wattage consumed by the filament at a given temperature in hydrogen, 
and the corresponding W, for the same temperature. In the earliest observa- 
tions W, was 0.9 W, to 0.5 W,; recent experience has shown that suitable 
experimental technique widens the spread between Wy and Wy, so that at 
certain temperatures W, < 0.3 Wy. 

It was natural to try the hypothesis that one of these states represented 
a clean metal surface, and the other a contaminated surface. Since a very sen- 
sitive test of the purity of tungsten on the surface of a filament is readily 
available by measuring the electron mission in vacuum and comparing the 
currents with the known values of the emission from pure tungsten,!® the tube 
was evacuated and baked until the filaments gave normal emission. When 
hydrogen was then admitted to the tube and the filament tested for W at 
a dull red heat, it was found to be in state Y; but at higher temperatures it 
immediately started to creep toward X, and only by making the filament 
negative in a discharge could it be caused to return to Y, as long as there 
was hydrogen in the tube. If the filament was in state X, and the hydrogen 
was then pumped out of the tube and the filament tested for electron emission 
in vacuum, the emission was found to be far below normal, as it is when 
a tungsten surface has become contaminated. From these observations the 
conclusion was drawn that state Y corresponds to a clean tungsten surface, 
and state X to a surface contaminated with a substance which will be called 
substance X. 

In the early experiments which were conducted with the tube in a water 
bath at room temperature, state Y proved to be very troublesome to study, 
because of the difficulty of maintaining the filament in this state for a time 
long enough to make consistent measurements. At temperatures above about 
1300°K the wattage of the filament had to be lowered every minute, or half 
minute, in order to keep the resistance constant, which meant that the sur- 
face conditions were changing over into state X. At higher temperatures the 
change became so rapid that there was doubt whether a true state Y was ever 
attained at these temperatures. The rate at which the filament departed from 
Y was entirely erratic, and was apparently governed to a large extent by 
whatever processes had previously taken place in the tube. 

The fact that substance X lowered the electron emission from tungsten 
suggested that this substance contained oxygen, for oxygen is known to have 
similar effects on the electron emission from tungsten." This is in agreement 
with the recent experiments of Farkas! who found that oxygen lowered the 
accommodation coefficient of hydrogen in contact with tungsten at tempera- 
tures above 625°K. 


1° H. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310 (1927). 
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Since it was known*+1* that hot tungsten dissociates molecular H, into 
atomic H and that atomic H will reduce oxides to form water vapor, the ex- 
periment was tried of immersing the tube in liquid air so that any water vapor 
formed in the tube would be removed from the gas phase as fast as it was 
formed. The heat loss from the filament at any given temperature was now 
greater than it had been before, due to the lower temperature of the gas 
molecules striking the filament, but the cold walls were found to have 
a marked effect upon the experimental results entirely apart from this cause. 
It was found that the highest values of W, were now obtained by the treat- 
ment of flashing the filament at 2500°K or more, whereas with the walls at 
room temperature this treatment always left the filament in state X. It was 
no longer necessary to make use of a discharge to produce state Y, the state 
which represents clean tungsten; on the contrary, when the filament was 
negative in a discharge the resulting values of W, were never higher than 
those obtained by flashing, and were often lower. On the other hand, the 
standard method of obtaining state X by heating the filament was now in- 
operative, and the only way that the filament could be brought into state X 
was by lighting a neighboring filament. It made no difference whether the 
neighboring filament were the hot cathode in a discharge, or were burning 
without a discharge, this procedure always left the test filament in state X 
(with the single exception that if the test filament were charged to —100 
volts or higher negative potentials with respect to the anode during the time 
of a discharge, it would be brought to state Y, as stated above). Moreover, 
state Y was now fairly easy to maintain, and state X had become the trouble- 
some state to study because it tended to change over into Y. 


Experimental Technique for Working with State Y 


The experience gained in the course of trying to bring the filament to one 
state or the other under many sorts of conditions has shown that the state of 
the filament can be controlled with little difficulty, provided that certain ex- 
perimental conditions are met, but that if these conditions are neglected the 
observed values will ‘‘creep” in a very persistent and annoying fashion. 

In order to maintain a filament in state Y, it is imperative that the gas 
within the tube be kept free from both oxygen and water vapor. The presence 
of the smallest trace of either of these substances in the gas will cause the 
filament to depart from Y in a short space of time, i.e., in a few seconds, 
or at the most a few minutes. When preparing to study state Y, it is a good 
plan to observe, first, the pure electron emission from the filament in vacuum 


41 I, Langmuir, Ind. and Eng. Chem. 22, 390 (1930); I. Langmuir and D. S. Villars, 7. Am. 
Chem. Soc. 53, 486 (1931). 

13 A. Farkas, Zeits. f. physik. Chem. (B) 14, 371 (1931). 

13 T. Langmuir, Gen. Elec. Rev. 29 153 (1926). 
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as a test of whether the bake-out of both tube and connecting system has been 
satisfactorily accomplished, for experience has shown that unless conditions 
in the tube are such that a filament can maintain normal saturation emission 
in vacuum for a long time, a filament in this tube will never be able to main- 
tain state Y when the hydrogen is admitted. However, if the electron émission 
is normal, it by no means follows that state Y will always be constant, for 
a tube may remain free from water vapor when the filaments are operated in 
vacuum, but not when they are operated in hydrogen, since lighting the fila- 
ments will cause atomic H to be formed and this will react with oxides that 
are present on the filament leads and the walls of the tube to form water vapor. 

The only experimental procedure found up to the present time which will 
yield consistent and reproducible data on state Y is that of keeping the tube 
immersed in liquid air while the experiments are in progress. Hence it appears 
that the tendency of the filament to become contaminated by a substance 
or substances which are formed by the atomic H which the filament itself 
produces, can be overcome only by removing these substances from the gas 
as fast as they are formed, and that cooling the tube in liquid air removes 
the greater part of them. If there is much oxide on the walls, the atomic H 
also produces from this oxide small quantities of oxygen or oxide in a form 
which does not remain condensed on the walls at liquid air temperature, but 
teaches the filament. Oxygen from this source is not troublesome after the 
oxides on the walls have been reduced. 

A deposit of potassium or magnesium on the walls of the tube has not 
been found so satisfactory an agent for removing contaminations as the 
liquid air. The failure of these substances to accomplish the complete removal 
of oxygen in these experiments is significant, in view of the fact that they 
are both highly effective agents for this purpose in vacuum tubes. For 
example, we know that when potassium or magnesium is vaporized on to 
the walls of tubes containing thoriated filaments, these filaments will maintain 
normal electron emission for great lengths of time, although if the same type 
of filament is exposed to a trace of oxygen its emission instantly falls to a minute 
fraction of the normal value. We attribute the failure of these agents in the 
case of a tube containing hydrogen dissociated by a hot filament or by a dis- 
charge, to the reaction of the atomic H with the K,O or MgO which are 
formed on the walls when a deposit of K or Mg cleans up residual oxygen 
or water vapor. As a result of this reaction with atomic H these oxides become 
partly reduced, and oxygen is liberated in the gas phase as free oxygen or 
water vapor. In general, this oxygen or oxide will then traverse the tube only 
once, for it will be taken up by K or Mg wherever it makes its next impact 
with the wall. But it may subsequently be set free again by atomic H and 
the process repeated in a cycle, so that whenever there is atomic H in the 
tube there may also be a slight concentration of oxygen and water vapor in 
the gas phase. 
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We have already said that when the tube was cooled in liquid air without 
a deposit of K or Mg on the walls, oxygen ceased to be troublesome after the 
oxides on the walls, which in this case were oxides of tungsten, had been re- 
duced. We therefore conclude that under these conditions the process was not 
repeated in a cycle. The process differs from that described in the preceding 
paragraph in that tungsten at the temperature of liquid air combines only 
very slowly with water vapor, so that oxygen which at first appears in the 
tube in the form of oxides of tungsten, is ultimately converted to a great ex- 
tent into water vapor condensed on the walls. Tubes which had a thin deposit 
of tungsten on the walls, vaporized from one of the filaments, were found 
to give far less trouble in maintaining a clean filament than tubes with bare 
glass walls, so that forming such a deposit has been included in the regular 
practice of preparing a new tube for these experiments. The tungsten keeps 
atomic H away from the glass, which is composed of several different oxides, 
and also acts as a catalyst to cause atomic H to recombine to form molecular Hy. 

The tubes used in our experiments were made of Pyrex glass and were 
sealed to a vacuum system. Each new tube was evacuated and baked for 1 
hour at 460°C, and afterwards whenever it was opened to the air or when 
water vapor had access to the tube, it was thoroughly torched with a Bunsen 
flame while being re-exhausted. It was imperative that at least two traps cooled 
in liquid air come between the tube and the main vacuum system, to keep 
the water vapor that was baked out of the tube from diffusing back into it 
again; and this protection was effective only when the trap nearest the tube 
was baked every time that the tube was baked, for if the nearest trap were 
left in liquid air during the bake-out, water vapor would collect in the inch 
or two of cold tubing that adjoined the liquid air flask, and would diffuse back 
into the tube at some later time. The traps and connecting tubing were therefore 
made of Pyrex glass for greater convenience in torching with a Bunsen flame. 
Experience has shown that the sensitiveness of a filament in state Y to the 
presence of water vapor is so great that if one neglects the bake-out of the 
connecting tubing and liquid air trap, the measurements are apt to show 
troublesome and erratic variations which do not appear when the tubing 
is properly baked. 

Hydrogen was admitted through a hollow platinum tube 0.15 cm in di- 
ameter and 7.0 cm in length, sealed to the system. Platinum must be sealed 
into soft glass and therefore had to be joined to the rest of the system through 
a glass seal graded from soft glass to Pyrex. When a tube of this sort is brought 
to red heat in a Bunsen flame the hydrogen present in the flame penetrates 
the platinum wall and enters the system; it took about 5 minutes to fill the 
system in this way with hydrogen at 0.20 mm pressure. This is known to be a 
method of obtaining hydrogen which is free from all impurities and has the 
added advantage that hydrogen can be introduced to a system without the 
use of stop-cocks. Our system had no stop-cocks connecting the experimental 
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tube, traps and platinum tube, and these were shut off by a mercury trap 
from the rest of the system. 

There is sometimes danger that traces of oxygen may be held adsorbed to 
the glass walls of one of the traps when the liquid air on the trap has nearly 
the temperature of liquid nitrogen, and this oxygen will later evaporate from 
the trap and diffuse into the tube as the level of the liquid air falls. We have 
had evidence in these experiments that oxygen is sometimes stored in this way, 
and therefore the measurements that will be given in this paper were all made 
with a charcoal U-tube, cooled in liquid air, separating the tube from the main 
system. A charcoal tube is not needed, however, except when making refined 
Measurements, and its presence makes the experiments more troublesome 
since charcoal absorbs large volumes of hydrogen and then gives up hydrogen 
quite rapidly with increasing liquid air temperature, so that one must take 
precautions to hold the pressure constant. 

Experimental results, state Y. The measurements were made in a tube 
containing two parallel hairpin filaments all made of pure tungsten wire 
0.00779 cm in diameter. The data in Fig. 2 were taken with filament b, which 
was 40.7 cm long; filament a was 30.3 cm long. The curves show the watts 
consumed in 0.20 mm hydrogen, plotted against the resistance. The entire 
tube, including the leads, was immersed in liquid air. Two temperature scales 
are given on the graph. The upper scale, 7, represents the maximum tem- 
perature at the center of the filament for a given resistance, and was calcu- 
lated from the current!® which brought the filament to the same resistance in 
vacuum. But a filament of the dimensions of filament 6, running at 1000°K 
or less, can maintain its maximum temperature for only a part of its length at 
the center, the remainder of the filament being cooled by loss of heat to the 
leads. Calculation’ shows that at 7,, = 1000°K, 17.9 per cent of the filament 
has a temperature 20 degrees or more below the temperature at the center; at 
T,, = 800°K, 26.8 per cent shows a similar cooling, and at 600°K, 48.7 per cent. 
Because of the lack of uniformity of temperature along the filament, it was 
necessary to choose a method of estimating an average temperature of the 
entire filament which would serve as an approximate value to be used in 
making calculations of heat loss. The lower scale, 7,, in Fig. 2 represents this 
average which was taken to be the temperature corresponding to the average 
resistance. 

In the range of temperatures shown in Fig. 2 the heat loss due to dissocia- 
tion of H, into atoms was negligible. H, dissociates in the presence of a hot 
tungsten filament at a rate which consumed approximately 0.25 watt when 
filament 5 was at 1600°K. At higher temperatures the heat consumed by dis- 
sociation becomes a very large factor in the heat measurements, for it in- 
creases 25-fold between 1600°K and 2000°K, and at temperatures above 


14 J. Langmuir, S. MacLane, K. Blodgett, Phys. Rev. 35, 478 (1930). 
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2400°K constitutes the greater part of the total heat loss to the gas. But al- 
though the dissociation of H, below 1600°K was unimportant from the stand- 
point of the heat which it consumed, a small amount of dissociation neverthe- 
less took place at considerably lower temperatures and the resulting atomic 
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Fic. 2. Heat loss curves for filament 6 when Fic. 3. Curves which gave evidence that 
the filament is free from oxygen. Hydrogen hydrogen adheres to tungsten. Wattage of 
at 0.20 mm pressure. 7, represents maximum filament b, measured at a testing resistance 
temperature in deg. K at center of filament. of 6 ohms, after the filament had been sub- 
T, represents average temperature, calculated jected to various heat treatments. 


from the resistance. 


Before taking the data plotted in Fig. 2, filament 5 was brought to state Y, 
ie., rid of surface contaminations, by flashing it in 0.001 mm of hydrogen at 
2800°K. The hydrogen residue was due to the presence of the hydrogen ad- 
sorbed in the charcoal tube. The effect was the same as that of flashing in a 
good vacuum, so that hereafter this treatment will be called flashing in vac- 
uum. It was said earlier in this paper that a filament can be rid of oxygen by 
being flashed at 2500°K or more in hydrogen. This was tube of a filament 
0.0125 cm in diameter and 11.4 cm long, which had only 20 volts across the 
leads when it ran at 2500°K in hydrogen. Filament 4 took 47 volts at 2000°K 
in hydrogen, so that at higher temperatures a large fraction of the current 
passed from one lead to the other in a gaseous discharge, and the ends of the 
filament were much hotter than the center. A filament can be almost com- 
pletely rid of oxygen at 2000°K in hydrogen, however, and will remain free 
from it when cooled to 1400°K or lower temperatures, provided that the 
oxides on the walls have been previously reduced, or have been covered by a 
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fresh layer of tungsten evaporated from the filament; there was another rea- 
son why it was important_to flash the filament in vacuum which will appear 
presently. 

After the vacuum flashing, hydrogen was admitted to the tube while the 
filament was at 80°K. The dotted curve in Fig. 2 represents the heat loss from 
the filament as the temperature was raised from 80°K; the solid curve the heat 
loss as the temperature was then slowly lowered from 1100°K, the tempera- 
ture remaining for at least one minute at each of the points that mark the 
descending curve. Upon again raising the temperature it was found that the 
ascending curve exactly retraced the solid curve. If the filament was allowed 
to cool rapidly from 1100°K to 80°K by switching off the filament current, 
and the heat loss then measured at about 400°K, it was found to have a 
value intermediate between those of the two curves, and never returned to 
the high value of the initial curve until the filament was again flashed in 
vacuum. We interpret these results to mean that hydrogen attaches itself to 
tungsten in a stable film which forms more rapidly at 600°-1000°K than at 
80°K, and that in the neighborhood of 1000°K the process takes place so 
rapidly that whenever a filament is cooled suddenly from temperatures 
above 1000°K to low temperatures, it always becomes partly coated with 
hydrogen as it passes through this temperature range. 

Fig. 3 represents a more detailed analysis of this effect. The experimental 
procedure used in the analysis in one that is suited to a wide variety of studies 
of surface conditions, and we shall therefore call attention to the scheme of 
procedure. The filament is subjected to processes which take place in three 
separate steps. First, the surface is ‘‘conditioned”’; by this we mean that a 
given state of the surface is chosen to be the initial condition for a series of 
experiments, and the filament is brought to this condition. For example, in 
the preceding paragraph the filament was conditioned by being flashed in 
vacuum and then held at 80°K while it was brought into contact with hydro- 
gen. In general, the treatment chosen for conditioning a surface is one that is 
accurately reproducible, so that different sets of experiments may be started 
from identical initial conditions. 

The second step is to ‘‘treat” the filament, by which we mean that it is 
subjected to processes of a nature which tend to alter the condition of the 
surface, causing it to depart from the initial condition. Very often the treating 
is done in many consecutive repetitions of the same operation, these repeti- 
tions taking place at measured intervals of time or of temperature. In order 
to measure the effect of ‘‘treating” the filament we must have the third step, 
which is ‘‘testing”’ the filament. This is done by measuring some one property 
of the surface which changes whenever the surface changes; in our experi- 
ments this property was the heat loss to the gas at a given temperature. 
Since most properties of surfaces are functions not only of the state of the 
surface but also of its temperature, it is important that data taken for the 
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purpose of testing the state of the surface should all correspond to a single 
temperature. For this reason it is generally far more satisfactory to adopt the 
practice of testing the surface at a given ‘‘testing temperature” which is the 
same for all tests, than to risk the uncertainties involved in converting data 
by calculation to the values that correspond to one temperature. 

Our practice consisted, therefore, in treating a suitably conditioned fila- 
ment in a given manner for a given length of time, and then lowering the 
temperature to the corresponding to a “‘testing resistance”; it is clear that 
the testing temperature should be chosen well outside of the range of the 
“‘treating temperatures” wherever this is possible, so that the condition of the 
surface will undergo no change during the time required to make the test. 
The data plotted in the curves in Fig. 3 were obtained at a testing resistance 
of 6 ohms which corresponded to T,, = 568°K, T, = 357°K. They represent 
the wattage required to bring filament 5 to this resistance after the filament 
had been treated for 1 minute in hydrogen at the treating temperature which 
is plotted as abscissa. . 

Curve (1) represents a surface conditioned in the same way as for the ‘‘ini- 
tial” curve in Fig. 2, that is, the filament was flashed in vacuum before each 
heat treatment in hydrogen. Similarly Curve (3) corresponds to the ‘‘final” 
curve in Fig. 2, for the points were measured consecutively as the treating 
temperature was lowered in short steps. In Curve (2) the surface received 
the same ‘‘treating”’ as in Curve (1), but started from a different initial condi- 
tion, for it was conditioned by being cooled suddenly from 1100°K or higher 
temperatures in hydrogen, instead of being flashed in vacuum. The heating 
at 1100°K and rapid cooling were repeated after each point on Curve (2) was 
obtained, so that the filament was always brought to its initial condition in 
which it consumed 0.881 watt at the testing resistance before the next meas- 
urement on this curve was made. 

At T, = 1000°K Curve (3) starts to fall rapidly with decreasing temperature 
reaching its lowest value in the neighborhood of T, = 640°K, and we have 
made the hypothesis that this falling off in the heat loss is due to a hydrogen 
film which forms on the filament. Curve (2), on the other hand, follows the 
course of Curve (3) rather closely between T, = 900° and T, = 1000°K, but 
departs from it widely at lower temperatures. The difference between the two 
curves is due to the slow rate of formation of the hydrogen film at low tem- 
peratures. For in Curve (2) the filament has only 1 minute at each tempera- 
ture for the film to form, whereas in Curve (3) with slowly falling temperature 
the film reaches the equilibrium value characteristic of each temperature. 
In other words, Curve (3) is the limit which Curve (2) would reach after a 
great length of time. The equilibrium value must represent a balance between 
the rate at which hydrogen attaches itself to tungsten and the rate at which 
it evaporates. For this reason the film is not complete at temperatures 
above about 770°K, for the rise in Curve (3) at T, = 640°K is due to the tem- 
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perature of the hottest part of the filament which is then at T,, = 770°K. It is 
clear from the low-temperature end of Curve (2) that the rate at which hydro- 
gen attaches itself to tungsten increases rapidly with increasing temperature; 
it is also clear from Curve (3) that the rate at which hydrogen evaporates 
from tungsten increases rapidly with temperature; and from the shape of 
Curve (2) which passes through a minimum and then ascends to higher values, 
we see that the rate of evaporation of the film must increase more rapidly 
with temperature than the rate of formation. 

The appearance of the high-temperature ends of these curves is deceiving. 
The horizontal line drawn at 0.881 watt above 1000°K does not properly 
represent the state of the hydrogen film in this region, for it must be borne 
in mind that these measurements were all made at a low testing temperature 
after the filament had been cooled through the critical temperature range in 
which the film partly formed during the rapid cooling. Curve (1) indicates 
that the wattage of a filament entirely free from this type of film would be at 
least 1.0 watt. For this reason it appears probable that the film does not com- 
pletely leave the tungsten at T, = 1000°K, but at a temperature 100 or 200 
degrees higher. 

The data in Fig. 3 were found to be consistently reproducible, having been 
checked on many different occasions, and the same effects were observed in 
three different tubes. Some of the effects which we observed with hydrogen 
tubes, which will be described presently, were dependent upon the amount 
of oxide present upon the walls of the tube, the effects diminishing with a 
decreasing supply of oxygen. But the observations that have been described 
in this section were entirely independent of this factor, and are to be attrib- 
uted solely to the interaction of pure hydrogen with a surface of pure tungsten. 

Technique for producing state X. The family of X-curves in Fig. 4 repre- 
sents the heat loss from filament 5 when the surface .of the filament was 
more or less contaminated by a foreign substance. We have already said 
that with the tube in liquid air the way to produce contamination on the 
surface of the filament was to burn a neighboring filament in hydrogen. The 
rate at which the contamination was produced by this treatment varied with 
the temperature of the neighboring filament, increasing rapidly with tem- 
perature. But it was also found that for any given temperature of the neigh- 
boring filament the rate varied over a wide range, depending on the previous 
history of the experiment, and this variation was found to be due to the 
amount of oxide present on the walls of the tube. The rate was always highest 
immediately after baking the tube, for there was a fine deposit of tungsten 
on the walls and every time the tube was baked sufficient water vapor was 
driven out of the glass to oxidize some of this tungsten. But after either of the 
filaments had been run for some time at a temperature at which atomic 
hydrogen was produced, the rate at which one filament could then con- 
taminate the other was cut down to a marked degree. 
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Figure 5 illustrates what is meant by the rate at which the burning of one 
filament contaminates the other. Filament 5, when clean, consumed 6.25 watts 
when it had a resistance of 21 ohms in hydrogen; when contaminated till 
it showed its minimum heat loss (state X), it consumed 2.29 watts at the 
same resistance. Curve YX in Fig. 7 is a typical curve of a filament in a state 
intermediate between Y and X, the heat loss having been reduced by this type 
of treatment from 6.25 to 5.2 watts at 21 ohms. The curves in Fig. 5 represent 
the rate at which the transition from one state to the other takes place in 
filament b, when filament a is burned at the temperatures marked on the 
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Fic. 4. Heat loss curves for filament 5 after Fic. 5. Curves which give the rate at which 


oxygen has adhered to it in the presence of the burning of filament a causes oxygen 

atomic H. The series shows the temperatures to be deposited on filament b, shown as 

in degrees K at which oxygen leaves the a function of the temperature in degrees K 
filament. of filament a. 


graph. In every case filament 6 was cold while filament a was running, then 
filament a was shut off while filament 5 was tested at the testing resistance 
21 ohms. In order that data of this type should be reproducible, it was impera- 
tive that some standard initial condition of the tube be adopted with regard 
to the amount of oxide on the walls, and for this purpose the tube was torched 
at about 450°C, while connected to the vacuum pump, preceding each run. 

The atomic hydrogen produced by burning filament a is the agent which 
gives rise to the contamination that arrives at filament b. This was shown by 
plotting the logarithm of the reciprocal of the time required in each of the 
four runs to bring the wattage to 5.5, 5.0, 4.5 and 4.0 watts, against 1/7. The 
plot gave four parallel straight lines, and when the logarithm of the degree of 
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dissociation of hydrogen at these temperatures was plotted on the same 
graph, all five lines were found to have the same slope. In other words, the 
surface of filament 5 was altered by a mechanism which was the same in every 
run and varied in its rate of activity only in proportion to the degree of disso- 
ciation of the hydrogen. A second run, however, taken immediately after any 
one of these at the same temperature but without an intervening torching of 
the tube, would show a greatly lessened rate of progress, a rate about one 
half as great having been measured in most instances. Moreover, when fila- 
ment a was run at 2000°K for a long time till the greater part of the oxides in 
the tube were reduced, it could then be burned at 1500°K and have almost no 
effect at all upon filament 6. From these observations we conclude that atomic 
H dislodges oxygen or an oxide from walls cooled in liquid air, and that it is 
this product and not the atomic H itself which causes the reduced heat loss 
exhibited by a filament when it is in the condition that we have called 
state X. 

Examination of the curves in Fig. 5 shows that the rate at which filament 
b becomes coated is rapid at first, and then slows down very greatly after the 
coating is about two thirds complete. After the rate has become very slow 
at one temperature, it can be speeded up by raising the temperature of fila- 
ment a; this is shown at the end of the curve measured at 1724°, where the 
temperature was raised twice consecutively. A limit is finally reached at 
which raising the temperature will not avail to reduce the heat loss any fur- 
ther. This limit must represent the maximum coating of oxide which can be 
in equilibrium with atomic H and its products. Evidently a higher concen- 
tration of atomic H and its accompanying products is favorable to a more 
complete oxidation of the tungsten. 

When filament a is employed to oxidize filament 5, filament a itself also 
becomes oxidized, and for this reason the current through filament @ must be 
lowered as often as proves necessary in order to hold the resistance con- 
stant. At the beginning of a run it may need to be lowered every ten seconds, 
at the end every minute. The oxidation proceeds to a less degree, however, 
than on filament 5, because of the higher temperature of filament a. Part of 
the oxidizing substance leaves the surface when the temperature is high; 
this is shown by the family of X-curves in Fig. 4. Curve (1) represents the 
minimum heat loss from filament 5 that could be obtained by burning 
filament a at any temperature and for any length of time in hydrogen. Fila- 
ment b was not heated above T,, = 1090°K until after the points on Curve (1) 
had been measured. The temperature was then raised to T,, = 1160°K for 30 
sec, and the resulting measurements gave Curve (2). Similarly Curves (3) 
(4) and (5) were obtained after heating the filament to 1265°, 1370° and 
1475°K respectively, the heating lasting for 30 sec in each case, after which 
the points were measured consecutively as the temperature was lowered. 
From these curves we conclude that the oxidizing substance leaves the fila- 
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ment by evaporation and reduction until the surface concentration is reduced 
to an amount that is more nearly stable at these temperatures. Most of the 
removal takes place in the first 30 sec, and further heating at any given tem- 
perature produces only a very slow change. . 

It is now apparent that the oxygen films produced by the processes just 
described can be readily distinguished from the hydrogen films that were 
discussed in connection with Fig. 3, because of the difference in temperature 
range at which the two films are stable on tungsten. The hydrogen films is 
practically gone at 1055°K (21 ohms), whereas the oxygen film is so stable at 
this temperature that it was chosen as the suitable testing temperature for the 
experiments of Fig. 5, in which it was important that the film should not 
change in composition while being tested. 

Experiments were made in order to learn whether a hydrogen film could 
be caused to adhere to one filament as a result of producing atomic H by the 
other. Such a film should be stable on filament 5 at a testing resistance of 6 
ohms but disappear at 21 ohms. These experiments were made when the 
oxides in the tube were so well reduced that oxygen films were deposited on 
filament b only very slowly even when filament @ was run at 1724°K. No evi- 
dence was found for the formation of a hydrogen film; for any change which 
took place at 6 ohms also persisted at 21 ohms and was therefore attributed to 
oxygen. 

When the data for the X-curves in Fig. 4 are drawn on a volt-ampere plot 
instead of a watt-ohm plot, they show that a temperature discontinuity oc- 
curred in the neighborhood of 200°-300°K. This appears in Fig. 4 as a point 
of inflection as the curve passes through this range, but on this plot the change 
in curvature is small. The actual changes in current, however, as the filament 
temperature passed through the discontinuity from a low temperature at 
which it was stable to the next higher temperature at which it was again 
stable, were of considerable proportions. For example, the point plotted at 
2.35 ohms corresponded to a current of 0.340 amp. at 0.80 volt, whereas at 
6.42 ohms the values were 0.313 amp. at 2.01 volts. In other words, the fila- 
ment passed through a region of ‘‘negative resistance”, so that it consumed 
less current at the higher temperature than it did at the lower. This effect 
is not uncommon in volt-ampere characteristics of filaments in which nearly 
all of the heat generated by the filament is lost to a gas or to the leads.* The 
explanation is to be found in the fact that under these conditions there is 
apt to be a certain temperature range in which the heat loss to the gas or to 
the leads is even greater than the heat input, and as the filament cannot 
maintain these temperatures, the temperature falls until the heat balance 
is restored to equilibrium. In the experiments of Fig. 4 the heat loss to the 
gas and to the leads was evidently such that it required 0.27 watt at 2.35 
ohms and 0.63 watt at 6.42 ohms, which could be secured only by having the 
higher current at the lower temperature. 
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Filaments Oxidized by Torching Tube 


A clean filament can be oxidized by torching the tube containing the 
filament with a Bunsen burner until water vapor is driven out of the walls, 
even though the tube has been baked many times before. This provides a 
simple method of preparing a filment with a thin oxygen film evenly dis- 
tributed along its length. When the tube containing such a filament was 
cooled and immersed in liquid air, and hydrogen then admitted, the heat 
loss from the filament was found to have the values shown in Fig. 6 which 
lay along curves which will be called Z-curves. 
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Fic. 6. Heat loss curves from a filament Fic. 7. Comparison of curves from Figs. 2, 
oxidized by torching the tube containing the 4, and 6. The YX curve represents an 
filament. intermediate stage as the state of the surface 


changes from Y to X. 


Series’ Z (1), Fig. 6, were measured after the tube containing the filament 
had been torched for 1 minute, Series Z (2) after the filament had been more 
completely oxidized by a 6 minute torching. In Series Z (1) the dotted curve, 
which represents a filament being heated for the first time after it had been 
cooled to 80°K immediately after the torching, shows a hump at tempera- 
tures below 7, = 200°K (2.9 ohms) which disappears between 200°K and 
250°K (3.9 ohms) and does not return when the filament is cooled. This is 
to be attributed to water vapor or possibly carbon dioxide which adhered to 
the tungsten as the tube cooled after it had been torched. A similar hump 
appeared in Series Z (2) but is not shown on the graph. 

When the oxidized filement in the experiment Z (1) was first heated in 
hydrogen to 20 ohms (7, = 947°K) and then cooled, the curve of descending 
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temperature, marked by the solid line, departed from the ascending curve 
to a small extent, in the manner shown in Fig. 6.~This is the type of departure 
which in the case of a clean filament indicates that hydrogen is attaching 
itself to the surface, and it may have the same interpretation in the case 
of an oxidized filament. When, however, the filament was heated to 23.5 
ohms (7, = 1082°K), the departure was much more marked and acted in 
opposite directions at the two ends of the curve. Whatever change took place 
in the surface composition of the filament, due to its being heated at this 
temperature, had the effect of raising the heat loss from the surface at high 
temperatures and lowering it at low temperatures, so that the curve ap- 
proached much more nearly the shape of the curve for a clean filament shown 
in Fig. 2. This suggests that a considerable fraction of the oxygen had been 
removed from the surface by heating it at 1082°K in hydrogen. The curves in 
experiment Z (2) show, on the other hand, that when the surface layer of 
oxygen is more nearly complete, the filament can be heated to 26 ohms 
(T, = 1180°K) without raising the heat loss on the descending curve appreci- 
ably above that of the ascending curve at corresponding temperatures. This 
is in accord with the X-curves of Fig. 4 which show only a very small change 
in the surface composition after heating at these temperatures; a curve cor- 
responding to a heating at J, = 1180° would lie between (2) and (3) in Fig. 4 
Curve Z (2) closely resembles one of the lower X-curves, as can bé seen from 
Fig. 7. We conclude that curve Z (1) corresponds to a composite surface layer 
of oxygen and hydrogen, in which some of the oxygen was replaced by hydro- 
gen more readily than in curve Z (2) because of the fact that the original 
oxygen layer was incomplete. 

A curve of each type, taken from Figs. 2, 4 and 6, together with a YX 
curve, is plotted in Fig. 7, which also shows the curve obtained at low tem- 
peratures when a very small quantity of free oxygen is added to the hydro- 
gen mixture. The charcoal U-tube was removed, the experimental tube 
evacuated and the filament flashed, and a small amount of oxygen admitted 
which was then pumped down to 0.001 mm. The data for the curve were 
taken after a pressure of 0.20 mm of hydrogen had been added to the oxygen 
and the tube had been allowed to stand in liquid air for one hour. When 
oxygen is present in the gas phase, the heat loss at low temperatures often 
creeps toward higher values as time elapses, so that the experimental values 
have not as yet been reproduced with nearly the precision of the experiments 
made in the absence of oxygen. This is particularly true of the measurements 
made above 800°K, for at this temperature oxygen reacts with tungsten in 
such a way as to form successive layers of oxide on the surface, so that the 
filament is continually changing. For this reason the data in the section of 
the oxygen-curve which lie below 3 ohms were taken before the filament had 
been heated to higher temperatures in the presence of oxygen, and the higher 
end of the curve must be regarded as only an approximate continuation of 
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the lower end but was sufficiently reproducible to make it plain that the 
oxygen-curve always crosses the Y-curve. Farkas has observed the same 
phenomenon. 

The oxygen curve has a hump at its lower end which closely resembles the 
hump in the Z-curves of Fig. (6), but unlike the Z-curves the hump in the 
oxygen curve is retraced when the filament is heated to higher temperatures 
and then cooled. Hence we know that the increased heat loss at low tempera- 
tures, represented by the hump, is the result of a film of oxygen which settles 
on the tungsten surface when there is free oxygen present in the gas phase. 

These results are to be compared with those of Roberts® who measured 
accommodation coefficients in helium and found the coefficient of a ‘‘dirty 
surface’’, i.e., a tungsten filament which had stood overnight in the appara- 
tus, was increased 3-fold over that of a clean filament. His paper does not 
tell at what temperatures these coefficients were measured, but presumably 
they were not far from room temperature. 


Calculation of Accommodation Coefficient 


Figure 8 shows the data from which the accommodation coefficient a, was 
calculated. The values of a, calculated from Eq. (8) are tabulated in col- 























Fic. 8. Data from which a is calculated. 


umn 6 of Table II and plotted against T, in Fig. 9. W, and W, in column 
2 represent the heat loss from the entire filament to the gas. T, in column 3 
was calculated from Eqs. (2) and (3) using the value for the diameter of the 


4 J. K. Roberts, Proc. Roy. Soc. 129A, 146 (1930). 
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Tase II 
Observed W boiling 
me) (2) (3) (4) 6) | 6) Mm | 8) 
Tr weil on a B Ww | OT, 
deg. K eine deg. K cm ice ay Watts deg. K 
150 | 0.215 86 0.021 1.84 0.195 
200 0.346 1 0.022 1.97 0.180 1.38 115 
300 0.570 96 0.024 2.17 0.151 
400 | 0.80 | 102 0.025 2.27 0.143 3.82 155 
5001.11 109 0.027 2.34 0.153 | 
600 1.56 118 0.029 2.38 0.179 615 | 184 
700 | 2.21 130 0.032 2.42 0.222 
800 | 3.03 143 0.035 2.46 0.274 8.34 | 209 
900 | 421 160 0.039 | 2.49 0.354 
1000 «5.69 | 178 0.044 2.52 0.449 10.54 229 
1100 6.79 | 192 0.047 2.55 0.500 
1200 7.77,‘ 203 0.050 2.57 0.531 12.70 247 
1400 9.17 216 0.053 2.61 0.537 14.86 264 
1600 10.17 | 226 0.055 2.65 0.519 16.97 280 
Wy 
“Initial” | 
150 0.262 | 88 0.022 1.84 0.248 
200 0.435 (93 0.023 1.97 0.233 
300; 0.78 , 102 0.025 2.17 0.219 
400 | #145 , 110 0.027 2.27 0.220 
500 1.58 | 118 0.029 2.34 0.226 
600 | 2.04 | 127 0.031 2.38 | 0.248 ee 
Wy ax 
150 0.228 86 0.021 1.84 | 0.207 
200 0.317; 90 0.022 1.97 0.163 
300 0.487 | 9 94 0.023 2.17 0.126 
400 0.66 99 0.024 2.27 0.116 
600 1.03 107 0.026 2.37 0.111 
800 1.36 115 0.028 2.44 0.106 
1000 1.56 | 118 0.029 2.49 0.094 














Values of a calculated for filament 5 of tungsten wire, length 40.7 cm, diameter 0.00779 
cm, in 0.20 mm pressure of pure hydrogen. 


a; refers to a filament free from oxygen. 


a; refers to a filament to which oxygen has adhered in the presence of atomic H. 


tube b = 5.0 cm, derived from the average distance of filament 5 from the 
walls. A in column 4 represents the mean free path length of a hydrogen 
molecule at temperature J, and 0.20 mm pressure, calculated for an ideal 
gas from the value 4 = 14.6 cm at 25°C and 0.001 mm. Column 5 gives the 
average values of f for the temperature range T, to T,. Column 7 shows 
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what the heat loss from the filament would be if a were equal to unity; col- 
umn 8 the corresponding values of T,. Similar calculations of a for the case 
of filament } in hydrogen containing 0.5 per cent of oxygen are given in Table 
Ill. 
Tasxe III 
Values of a Calculated for Filament b in a Mixture Consisting of 
0.20 mm Pressure of Hydrogen and 0.001 mm Pressure of Oxygen 











(1) (2) : (3) | (4) 
T, Wy Ta | 
deg. K Watts deg. K | a 
150 oso =| 92 |g 
300 0.70 =| ~— 100 0.193 
500 132 | #89 
700) 20000127 0.198 
90 | 299 | 14 0.232 





The outstanding feature of the a, curves in Fig. 9 is the sharp drop with 
decreasing temperature from ay = 0.531 at 1200°K to ay = 0.143 at 400°K 

















Fic. 9. Accommodation coefficient of hydrogen at 0.20 mm 

pressure in contact with tungsten. ay represents tungsten free from 

oxygen. ax represents tungsten to which oxygen has adhered in 
the presence of atomic H. 


for the ‘‘final” condition of the filament surface. The drop in ay in Fig. 9 
occurs in the same temperature range as the change in filament surface 
represented by Curve (3), Fig. 3. In Fig. 3 the change in the condition of 
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the surface caused the heat loss from the filament at T, = 357°K to be 
decreased, so that ay at this temperature had the values shown in Fig. 9 
which are 0.219 for the ‘‘initial” curve and 0.145 for the ‘‘final” curve. In 
discussing Fig. 3 this change was attributed to a hydrogen film which attaches 
itself to tungsten at these lower temperatures, and we now attribute the entire 
drop from the maximum a, = 0.54 to the presence of adsorbed hydrogen. 
The data of Fig. 9 enable us to amplify our theory of this adsorption. 

We assume that at JT = 1300°K the tungsten is bare, all hydrogen films 
having evaporated from the surface, and that ay = 0.54 therefore represents 
the accommodation coefficient of hydrogen striking a bare tungsten surface. 
Above 1400°K the determinations of ay are subject to inaccuracies resulting 
from the dislodging of oxygen from the walls by atomic H. The conclusion 
that the surface is bare was reached in an earlier paper’* which dealt with 
measurements made over a wide range of pressures. In the early work the 
Measurements were made with the walls of the tube at room temperature, 
which accounts for the low value a, = 0.19 obtained at JT = 1500°K; for 
under these conditions the filament would be attacked by water vapor as soon 
as atomic H was formed in the tube, with the result that the surface would 
not be free of oxygen until it reached T > 2000°K, at which temperature 
oxygen evaporates rapidly from tungsten.” 

The value ay = 0.54 is to be compared with calculations of ap, the fraction 
of hydrogen molecules striking a tungsten surface which are dissociated and 
leave the surface as atoms. At very high temperatures a, is the same as dg, 
calculated in 1915, and is derived from the following considerations. The heat 
consumed by the dissociation of gas molecules constitutes, at high tempera- 
tures, the greater part of the heat loss from a tungsten surface in hydrogen. 
It was found experimentally in 1915 that the heat loss due to dissociation in- 
creased with rising temperature, but that at low pressures it reached a limit- 
ing value at 2700°K and kept this value at higher temperatures. This maxi- 
mum was considerably less than the heat loss that would have resulted if all 
the molecules striking the surface had been dissociated and had left the sur- 
face as atoms. Hence it is evident that only a limited fraction of the molecules 
could be thus dissociated. Recent recalculation* of the 1915 data gives ap 
= 0.49 as the value for this fraction. 

The rather close agreement between a, = 0.54 and a, = 0.49 does not 
necessarily mean that the mechanisms which fix these limits are the same 
in the two cases. In the case of ay the value 0.54 may represent either an 


16 I, Langmuir, ¥. Am. Chem. Soc. 38, 1155 (1916). 

17 I, Langmuir and D.S. Villars, ¥. Am. Chem. Soc. 53, 486 (1931). 

* The heat loss due to dissociation, in watts per cm length of the filament is Wp = (4.19 
md)apnQ/N, where Q is the heat of reaction at constant volume in the reaction H,=2H, and 
NV is the number of molecules in a gram mol. (6.06 x 10). Q has the value 101,200 cals. per 
gram mol. at 2800°K. Wp is derived from the observed heat loss Wy after calculating We 
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average in which all of the gas striking the filament takes up 54 per cent of | 
the amount of energy which would bring the gas a thermal equilibrium with 
the surface; or an average in which 54 per cent of the gas reaches thermal 
equilibrium while the rest rebounds from the surface with zero change in 
energy. We have no way of distinguishing between these two general alterna- 
tives. In the case of ap, on the other hand, we know that 49 per cent are 
dissociated while the remaining 51 per cent leave the surface without carrying 
away with them a quantity of heat which would correspond to partial dis- 
sociation; for any such quantity of heat should increase with rising tempera- 
ture and no increase was observed at temperatures above 2700°K. 

We shall now consider the region in Fig. 9 where ay has low values. At 
every temperature from 150° to 1200°K ay, is less than 0.54, and in the greater 
part of this range ay is less than 0.25. When a, is less than 1.0, that is, 
when a molecule striking a surface fails to reach thermal equilibrium with 
the surface, it means that the time rt during which the molecule remains on 
the surface is too brief. In general, a molecule striking a surface is adsorbed, 
and after an interval of time z it evaporates, the length of life on the surface 
depending on the temperature and nature of the surface and of the gas. When 
t is so brief that it equals the time of collision between two molecules, that 
is, a time of the order of 10-!* sec for hydrogen, we commonly say that the 
molecule is not adsorbed on the surface but is reflected from it. We assume 
that the life tr, which a molecule requires in order to reach thermal equi- 
librium on a surface, depends on the nature of the surface, since different 
surface layers because of their chemical composition or geometrical configura- 
tion do not lend themselves equally readily to a rapid interchange of energy 
with molecules of the gas in question. When t < t, we have ay < 1. 

Since t is inversely proportional to the rate of evaporation, we know that 
t for any given surface increase as the temperature of the surface decreases. 


by Eq. (7), since Wp = Wy — Wo. With a filament of diam. 0.00706 cm, at 2800°K, the quan- 
tities involved were as follows, calculated for ay = 0.54 and ay = 0.80 in Eq. (7): 














Press, Wy é Ta | We | Wp a 
mm Watts/cm rf deg. K Watts/cm | Watts/cm sd 
— 1 “ = 
0.015 0.191 0.54 303 0.028 0.163 0.490 
0.039 0.50 0.54 315 0.070 0.430 0.506 
0.015 0.191 0.80 305 0.042 0.150 0.452 
0.039 0.50 0.80 322 | 0.102 0.398 0.474 
| | Weighted mean 0.49 





We know that ay = 0.54 at 1300°K and have no evidence that it rises above this value at 
higher temperatures. The table shows, however, that even if ay were 0.80 the calculated values 
of ap would not be greatly altered. The difference between a, = 0.68, calculated in 1915, and ap 
= 0.49, given above, is due mainly to a difference between the old values of Q and new values 
published in 1926. 
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If, then, the tungsten suffered no change in composition of its surface layer 
as its temperature was lowered from 1200°K, we should expect a, to increase 
as the temperature falls. Since ay on the contrary decreases, we conclude 
that the surface is no longer bare tungsten at these lower temperatures, but 
that hydrogen adheres to it in a film. This conclusion must be applied to both 
the ‘‘initial” and the ‘‘final” states of the filament, since in both states ay 
falls far below 0.54. The films in the two states are not identical, however, 
and we need to consider the relationship that exists between them. 

Langmuir, Taylor'® and others have come to the conclusion that films 
adsorbed on surface must be classified according to the mechanism of ad- 
sorption which holds them, and that adsorption processes must consequently 
be divided into at least two general types. In general, molecules attach them- 
selves to a surface by a process of the first type, called ‘‘normal’” adsorption, 
and the adsorbed layer then changes over into the second type, called ‘‘ modi- 
fied” adsorption, slowly at low temperatures and more rapidly at higher 
temperatures. In the case of hydrogen on tungsten the experiments show that 
the ‘‘initial” film forms from molecular hydrogen at any low temperature 
that we have employed, whereas the ‘‘final’” film forms only slowly at tempera- 
tures under 1000°K. The final film has an accommodation coefficient which 
at 400°K is two thirds of that for the initial film, which suggests that the 
field of force of the tungsten is more completely saturated by the final than 
by the initial film. We consider that these data afford a typical instance of an 
adsorbed film which becomes modified in such a way that the bonds uniting 
the atoms within the molecules acquire a new alignment, some of these bonds 
being taken over by the tungsten atoms. 

It seems safe to assume that the final film is a modified form of the initial 
film, but we are left uncertain with regard to the nature of the initial film 
itself. Since this film covers the tungsten completely at temperatures as high 
as T,, = 600°K, the film must have a heat of evaporation many times greater 
than the heat of evaporation of hydrogen from a liquid hydrogen surface. 
This means that the molecules in this initial film are held to the underlying 
tungsten by such close bonds, that their reaction with the surface must be of 
the nature of a chemical reaction. The question arises, therefore, of whether 
this close binding is formed instantaneously as the molecules strike the sur- 
face, or whether the reaction requires a period of time, the time required being 
less than 5 minutes at 100°K. In other words, the initial film may itself 
represent a modification of the form in which the molecules originally attach 
themselves to the surface, the: original form being by definition ‘‘normal” 
adsorption. If this is the case there exists a normal film which has a heat of 
evaporation only a few times greater than that of hydrogen evaporating from 
a hydrogen surface. This would represent the type of adsorption in which 


48 J. Langmuir, ¥. Am. Chem. Soc. 38, 2221 (1916); 39, 1848 (1917); 40, 1361 (1928). H. S. 
Taylor, ¥. Am. Chem. Soc. 53, 578 (1931). 
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a molecule suffers little if any internal change by becoming attached to the 
surface. If such a film exists we should expect to be able to detect its presence 
if these experiments were repeated with the tube cooled in liquid hydrogen; 
we have found no indication of it in the present experiments. 

The present experiments also afford no means of deciding whether the 
hydrogen in the initial film is held as separate atoms or as pairs of atoms.* 
It has been generally assumed by those!*2® who have studied the catalytic 
activity of metals in converting parahydrogen to orthohydrogen, that some 
of the hydrogen adsorbed on the tungsten is held in the form of separate 
atoms at temperatures as low as liquid air temperature. Farkas made experi- 
ments with approximately one half litre of a mixture consisting of 47 per cent 
parahydrogen and 53 per cent orthohydrogen, at 50 mm pressure. He found 
that when this mixture was brought into the presence of a tungsten filament 
of diameter 0.01 cm and length 20 cm at 273°K, the mixture was converted 
to 36 per cent parahydrogen and 64 per cent orthohydrogen in about 12 sec- 
onds. According to the theory advanced by Bonhoeffer and Farkas, both 
forms of hydrogen are dissociated when they are adsorbed on tungsten so 
that the distinction between para and ortho structures disappears while the 
gas remains on the surface. Then when the separate atoms combine to form 
molecules which evaporate from the surface, the molecules are formed in the 
proportions characteristic of ordinary hydrogen at the temperature of the 
filament. These proportions at 273°K and higher temperatures are known 
to be 25 per cent parahydrogen and 75 per cent orthohydrogen. Since the 
amount of conversion which takes place in 12 seconds at 273°K in the ab- 
sence of a catalyst is practically zero, they conclude that the conversion takes 
place on the surface of the tungsten: 

Calculation shows that this means that 11 per cent of the molecules pres- 
ent in the gas, or approximately 10° molecules, are converted in 12 seconds 
by contact with a surface of area 0.63 cm?, which area could hold 6 x10" to 
9x10" molecules in contact with the tungsten at any one time. Thus the 
average time it would take for the atoms of one molecule to be separated from 
each other on the surface and for each to combine with another atom and 
evaporate from the surface, could be not more than 10-‘ sec. If the hypothesis. 
of Bonhoeffer and Farkas is correct, the initial film in our experiments repre- 
sents a surface covered with hydrogen which is experiencing this type of 
rapid dissociation and rebuilding of molecules. The gas used in our experi- 
ments was an ordinary hydrogen mixture, that is, it was not enriched with 


* A mathematical treatment of the properties of hydrogen adsorbed on tungsten was given. 
(in an eralier paper.’* Two sets of equations were derived for the following alternative hypotheses: 
(a) Hydrogen exists on the surface in the form of atoms only; (b) Atoms and molecules of hydro- 
gen can exist on the surface at the same time. In this case the equations took into account the 
Tate at which each form of hydrogen changed over into the other. 

1° K. F. Bonhoeffer and A. Farkas, Zeits. f. physik Chem. (B) 12, 231 (1931). 
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parahydrogen as was the gas that Farkas used, but the mechanien of dis- 
sociation at the surface should operate in either case. 

It now remains to offer a theory that will explain how our initial film may 
become modified to form a second type, or final film, which we know to be 
very stable at temperatures below 600°K. If the experiments of Bonhoeffer 
and Farkas can be explained on the basis of any mechanism other than the 
dissociation of hydrogen, we should expect that the final state represented 
a film of separate atoms, as distinguished from an initial state of atoms held in 
pairs. On the other hand, if the hydrogen is dissociated in the initial state, the 
hydrogen atoms may possess the property of gradually modifying the tung- 
sten atoms on the surface by a process which is very slow in comparison with 
the process of dissociation of the hydrogen. The distinction between the two 
processes may possibly be explained on the basis that the atoms, when first 
dissociated, share with the tungsten only electrons which are comparatively 
free to move about over the surface, these being electrons which give to the 
metal its property of electrical conductivity. Some of the adsorbed atoms 
may then gradually achieve a closer binding in which each hydrogen atom 
shares with a tungsten atom a pair of electrons situated in the kernel of the 
tungsten atom. 

We have some evidence that the hydrogen which evaporates from the 
modified film leaves as atoms rather than as molecules. This evidence is 
shown by the following calculation. From Fig. 3 in which Curve 3 departs 
from Curve 2 in the neighborhood of 7,, = 1000°K, we conclude that the life 
of the modified hydrogen on the surface is about 1 min at 1000°. This follows 
from the fact that Curve 3 represents equilibrium conditions for a given 
temperature, whereas Curve 2 represents the result of treating the filament 
for one minute at the same temperature. At T = 1000°K the surface is ap- 
proximately one half covered with modified hydrogen, so that if we assume 
that the surface density of hydrogen in a complete film is the same as that 
of the underlying tungsten atoms, or 10% molecules per cm?, the surface 
density at 1000°K is 5 x10 molecules or 105 atoms per cm*. Hence if the 
modified hydrogen has a life on the surface t = 60 sec, it leaves the surface 
as atoms or molecules at a rate which is the equivalent of 8.3 x10 molecules 
«m~sec-!, From entirely separate considerations we can fix an upper limit 
to the number of atoms which can evaporate from the surface at this temper- 
ature. The degree of dissociation of hydrogen in the gas phase!’ is x = 2.29 
X10~" where x is expressed as the fraction of the hydrogen molecules which 
hhave been dissociated into atoms. The number of molecules which come from 
a region where T, = 160°K (see Table II, T, = 900°K) and strike the filament 
‘can be calculated from Eq. (4) and is n = 3.95 x10*° cm-* sec—?. The number 
‘of molecules which is dissociated and leaves the surface as atoms cannot be 
greater than nx = 9.05 x10* cm-? sec", but may be less than this number, 
80 that we may very well have 8.3 x10"* molecules leaving the surface as atoms. 
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We have no satisfactory explanation of the rise in both the ay and a, 
curves in Fig. 9 when the temperature is lowered below T, = 300°K. It is 
not accounted for on the basis of the altered value which the specific heat 
would have if the hydrogen were changing from a mixture which is in equilibrium 
at room temperature and therefore contains parahydrogen and orthohydro- 
gen in the proportions 1:3 to a mixture representing equilibrium at liquid 
air temperature which has the proportions 1:1. It is improbable ‘that this 
change took place in our experiments for it is known to proceed extremely 
slowly at liquid air temperature except when the hydrogen is passed through 
a tube containing a very large volume of charcoal, and we used only 1.7 cc 
of charcoal. However, it can be shown from data taken from Table V of a 
paper by Beutler®® that the term (8+1/2) which we use to calculate a by 
Eq. (8) has the value 2.1166 for a 1:3 mixture and 2.2227 for a 1:1 mixture. 
This is a range of only 5 per cent in (8 +1/2) for the two extreme cases, which 
is much too small to account for the observed rise in a.* 


Oxygen Films 


We have already pointed out that the rising values of a obtained when 
the filament temperature is lowered below 300°K when 0.5 per cent of 
oxygen is present in the hydrogen, gives evidence that an oxygen film forms on 
the filament at this low temperature. The film departs from the filament at 
300°K but forms again whenever the temperature is lowered to 200°K or 
lower temperatures. These data add to the knowledge which we already have 
of the formation of oxygen films on tungsten.!”*2 It is commonly found that 
if oxygen is admitted to a vacuum tube containing a clean tungsten filament 
while the filament is at room temperature or at liquid air temperature, and 
the oxygen is then pumped out of the tube, and the last traces removed by 
“‘getters”, a film remains on the cold filament which continues to adhere 
when the temperature is raised to 1300°K. This can be shown by testing the 
filament for electron emission since the presence of oxygen on a tungsten 
surface reduces the electron emission to a small fraction of its value for pure 
tungsten. In order to test the surface for electron emission it must be heated 
to about 1500°K (at which temperature oxygen gradually evaporates from 
tungsten) for at lower temperatures the emission is too small to be measured. 
But since the test which reveals the presence of oxygen on the surface is made 


2° H. Beutler, Zeits. f. Physik 50, 581 (1928). 

* In calculating a we have assumed that parahydrogen and orthohydrogen have the same 
accommodation coefficient since we have found no evidence to the contrary. If it so happens 
that the accommodation coefficient of parahydrogen is considerably greater than that of ortho- 
hydrogen, this would account for differences greater than 5 between ay at 80° and at 300°K. 

™ K.H. Kingdon, Phys. Rev. 24, 510 (1924). 

I. Langmuir and K.H. Kingdon, Proc. Roy. Soc. A107 61 (1925). 
I. Langmuir and K. H. Kingdon, Phy.s Rev. 34, 129 (1929). 


10 Langmuir Memorial Volume IX 


Google 


146 Accommodation Coefficient of Hydrogen; a Sensitive Detector of Surface Films 


with the filament in vacuum, we know that the adsorption took place at the 
low temperature at which all free oxygen was pumped out of the tube. The 
heat of evaporation of oxygen from tungsten has been found to be 162,000 
cals. per gram atom of oxygen,’ when only a small fraction of the tungsten 
surface is covered with oxygen; when more than one third of the surface is 
covered, the heat of evaporation is less. 

In the present experiments the film which forms at 200°K and leaves at 
300°K forms on a surface which already has a layer of oxygen adsorbed on 
the tungsten. It has been customary to refer to the latter surface as an OW 
surface, so we shall call the former an OOW surface. If we assume that the 
OOW film covers one half of the surface at 150°K, calculation shows that the 
fraction of the surface covered at 300°K would be about 0.5 x 10°®, which is 
an amount too small to affect a to a measurable degree, so that at 300°K the 
surface would have the properties of an OW surface so far as measurements 
of a are concerned. 

In Fig. 9, ay gives the lowest values which we have found for the accom- 
modation coefficient at temperatures above 300°K, and we have abundant 
evidence that a, represents a surface layer containing oxygen. If we make the 
hypothesis that a, represents on OW surface in which the tungsten is com- 
pletely covered with oxygen, then the OW layer in the experiments in which 
0.5 per cent of oxygen was present in the hydrogen was not a complete layer 
over the surface. On the other hand, if we make the hypothesis that the ex- 
periments in which oxygen was present in the gas gave a complete OW layer 
at say 300°-700°K (at which temperatures we should not expect hydrogen 
to remove the oxygen from the tungsten) then a, represents another type 
of oxygen layer, possibly oxygen plus hydrogen or hydroxyl. In either case it 
is clear that the effect of an OW surface is to keep a at a low value at tem- 
peratures above 600°K, in the range in which ay is increasing rapidly. We 
attribute this effect to the saturation of the field of force of the tungsten atoms 
on the surface by the adsorbed oxygen atoms, so that impinging hydrogen 
molecules encounter such a weak field of force that they are held to the sur- 
face for too brief a time to reach thermal equilibrium. 

Below 200°K the oxygen which is held comparatively loosely to the OW 
surface in an OOW layer may serve to prolong the duration of stay of hydro- 
gen molecules on the surface, for the oxygen atoms may constitute a loose 
network in which the impinging hydrogen molecules are caught. We take 
exception to the explanation offered by Farkas to account for the effect of 
oxygen in increasing a at low temperatures. Farkas says that this effect il- 
lustrates the working of a mechanism discussed by Baule** whereby the 
exchange of energy which takes place when gas molecules are reflected from 
a wall is limited by the relative masses of the molecules of the gas and of the 


1B. Baule, Ann. d. Physik 44, 145 (1914). 
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wall; the more nearly equal the masses, the greater the exchange of energy. 
This theorem would account for a higher a for hydrogen in contact with an 
OW surface than with a bare W surface; but we believe that we never have 
a bare W surface in contact with hydrogen at low temperatures, but instead 
of this an HW surface, and this should give the maximum a from the point 
of view of Baule’s theorem. 


1u* 
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VAPOR PRESSURES, EVAPORATION, CONDENSATION 
AND ADSORPTION 


Journal of the American Chemical Society 
Vol. LIV, No. 7, 2798, July (1932). 


THE ADSORPTION of gases or vapors on solids is due to the time lag between 
the condensation and the evaporation of the molecules from the surface. 
The relation between the pressure and the amount of gas adsorbed thus 
depends primarily upon the laws of condensation and of evaporation. 
In an earlier paper! several different relationships for condensation and 
evaporation were chosen to illustrate some simple typical examples of 
adsorption phenomena. 

In Case I, which was there considered as ‘‘simple adsorption”, it was 
postulated that the forces acting between adjacent adsorbed atoms or mole- 
cules? are negligible, so that the average life of each adsorbed atom (adatom) 
is independent of the presence of others on the surface. If 6 represents the 
fraction of the surface covered by adatoms, the rate of evaporation » is thus 
equal to »,0, where », is the rate of evaporation from a completely covered’ 
surface. It was also assumed, for the sake of simplicity, that atoms condense 
only on that part of the surface which is bare, so that the rate of condensation 
was taken to be ogu(1—@), where u, the rate at which incident atoms strike 
the surface per unit area is given by 


Bb = (2xmkT)-* p = 2.653 x10* p(MT)712 (1) 


p being the pressure in baryes, k the Boltzmann constant, 1.371 x 107% 
erg. deg.-', m the mass of an atom in the gas and M the atomic or molecular 
weight of the gas on the basis of @ = 16. 

The factor a, (1—@) is the fraction of the incident atoms which condense, 
ay being a numerical factor not exceeding unity, which measures the efficiency 
of the condensation on a bare surface. 


1 I. Langmuir, ¥. Am. Chem. Soc. 40, 1361 to 1403 (1918). 

2 The word molecule properly includes the atom. However, in the applications of the theories 
developed in this paper, we shall deal principally with adsorption of atoms such as cesium 
and therefore for brevity shall use the word atom. In most cases the statements will be valid 
if atom is replaced by molecule. 
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For a steady state the rates of condensation and evaporation are equal. 
Equating them and solving for @ we have 


Gop 





6= 2 
Vy+aop (2) 

The average life of t of an adsorbed atom on the surface is 
t= 0,/r (3) 


where g, is the number of adsorbed atoms per unit area for a saturated surface, 
@ = 1. Thus equation (2) may also be written 


Ot 
0, + aot pe (4) 
This equation has been found to apply, with reasonable accuracy, to a sur- 
prisingly large number of cases of adsorption on plane surfaces. Considering 
the nature of the simplifying assumption made in its derivation, it should, 
of course, not be looked upon as a general equation of the ‘‘adsorption 
isotherm”’. 

Several recent quantitative studies of adsorption phenomena in this La- 
boratory have given, as expected, data on evaporation and condensation which 
are very different from those indicated by Eqs. (2) or (4). It therefore seems 
desirable to present a more up-to-date analysis of the factors determining 
the rates of evaporation and condensation and to derive equations giving 
the amount of adsorbed gas, taking into account the effect of the forces acting 
between adjacent adsorbed atoms. 

The evaporation of adsorbed atoms or adatoms from a surface must be 
governed by laws very similar to those that apply to homogeneous solids 
and liquids. 


Vapor Pressures of Liquids 


The vapor pressures of solids and liquids or their rates. of evaporation 
in vacuum depend principally upon the heats of evaporation since at least 
approximate values of the latent heats can be calculated from the boiling points 
by such rules as Trouton’s rule. In general the vapor pressure is given with 
considerable accuracy over a wide range of temperature by an equation of 
the type 

p= AT’e (5) 
which is analogous to the Richardson equation for electron emission. 

The curve obtained by plotting In p against 1/T is a straight line if y = 0. 
If y differs from zero the line must be curved, but because of the very rapid 
increase of p with 7, the range of temperature over which p can be observed 
is usually so limited that the curvature is extremely small, if not wholly im- 
perceptible. For example, by measurements of electron emission it has not 
been possible to decide whether y = 0.5 or 2. 


Google 


150 Vapor Pressures, Evaporation, Condensation and Adsorption 


Thus within a limited range extending symmetrically above and below 

a mean temperature T,,, we can always replace Eq. (5) by 
p= Aye? (6) 
by so choosing A, and 5, that the two equations give at T= Ty, not only 


the same value of p but the same slope dp/d7T. Under these conditions we 


have 
A, = ATyev and by = b+yTy, (7) 


The slope of the (In p) vs. (1/T) curve from Eq. (6) is constant, Sy = —bp, 

while that obtained from Eq. (5) is variable and at any point has the value 

S = Sot+y(T—Ty) (8) 

A series expansion of the equation obtained by dividing Eq. (5) by Eq. 
(6) shows that 





p T-Ty \* 

nF = 0/2) (—*) 0) 
where p and fo are the values of p given by Eqs. (5) and (6), respectively, 
after choosing the constants in accord with Eq. (7). 

The temperature change AT = T—T, needed to cause a 5% change 

in p is 

AT = 0.05 T?/by 
With T = 800 and 4, = 32,000, which are typical experimental data such 
as we shall have occasion to use in studies of cesium films on tungsten, it is 
thus necessary to know the filament temperatures within 1° in order to get p 
within 5%. 

By Eq. (9) we see that Eqs. (5) and (6) give values of p agreeing within 
5% as long as (T—T,)/Ty is numerically less than 0.32 y-"?. With y = 2 
and 7, = 800 there is thus a range of temperature extending about 180° 
on each side of Ty in which Eqs. (5) and (6) are experimentally indistin- 
guishable if temperatures can only be measured within 1°. Over this total 
range of 360°, p increases more than 10°-fold. 

According to the Clapeyron equation and the laws of ideal gases, 4, the 
latent heat of evaporation per atom, at constant pressure is 


dinp 


The exponent y is thus a measure of the.temperature coefficient of A and 
the constant A may be regarded as the integration constant of the Clap- 
eyron equation. 

Le Chatelier pointed out long ago® that the integration constants of the 
Clapeyron equation for reactions of the same type have approximately the 
same numerical value. 


® See H. S. Taylor, Treatise on Physical Chemistry, Van Nostrand Co., N.Y., 1924, Vol. II, 
p. 1135. 


A= —k 
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Trouton’s rule states that L, the latent heat in calories per gram mole- 
cule, is proportional to the boiling point T,. The value of the ratio L/L,. 
from data on ordinary liquids is usually given as 20.7. Examination of Eq. 
(6) shows that Trouton’s rule follows from this equation at once if A, is 
a universal constant. Placing p = 10* baryes (1 atmosphere) and 5,/T = 20.7/R 
= 10.4, we obtain A, = 3.4 x10 baryes. 

When Trouton’s rule is applied to substances having very low or very 
high boiling points, it is soon seen that L/T, varies considerably and in general 
is higher for substances having higher boiling points. 

Hildebrand‘ has reasoned that different substances should be compared, 
not at their boiling points, T,, but at temperatures 7, at which the liquids 
have the same vapor concentration. 

* Replacing p by its value kT, in terms of the atomic concentration n, and 
putting A = kb,, Eq. (6) becomes 


n = (A,/kT)e*"*? (11) 


Hildebrand’s rule states that if, for each of a series of substances, we 
chose a temperature 7, which gives the vapor of that substance an arbitrary 
concentration m, (the same for all), then the ratio 4/T, is the same for all 
the substances. By Eq. (11) this must mean that A,/kT, is also the same 
for all the substances. Thus instead of A, being constant, as it should be 
by Trouton’s rule, Hildebrand’s rule requires that A, shall be proportional 
to T,, so that in Eq. (6) we can replace Ay by CT, where C is a universal 
constant. We may now get rid of 7), a troublesome arbitrary factor, by 
transforming the equation by means of Eq. (7), obtaining (y = 1) 


p=A,Tet (12) 
where A, is a universal constant having the value C/e and 
b, = b—T, (13) 


This conclusion from Hildebrand’s rule is not strictly in accord with the 
Clapeyron equation since by Eq. (10) 6, must have the value 
b, = bh —T = (A/k)—T , (14) 
The errors made by replacing T by Ty are, however, far less than those 
due to other causes of variability of the ‘‘universal constant” A,. The ex- 
perimental evidence in support of Hildebrand’s rule is thus equally good 
evidence that the constant A, in Eq. (12) is approximately the same for all 
substances. This formulation of Hildebrand’s rule has the advantage that 
it does not involve any arbitrarily selected standard concentration such as 
that needed to define 7. 
When a liquid or solid is in equilibrium with its vapor, evaporation and 
condensation go on simultaneously. In general every incident atom condenses, 


‘ J. H. Hildebrand, ¥. Am. Chem. Soc. 37, 970 (1915); 40, 45 (1918). 
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so that a = 1 and the rate of condensation yu is given by Eq. (1); this must 

also equal the rate of evaporation »,. The average life + of the atoms on 
the surface, as given by Eq. (3), can thus be expressed by 

t = (2amkT)!"0,/p (15) 

The velocity constant K of a monomolecular reaction varies with tem- 

perature according to the equation 

K = Kye" (16) 

Dushman‘ calls attention to the fact that K, has the dimensions of a frequency. 

The constant 5 may also be related to a frequency », by the Einstein equation 


6 = hv,/k. Dushman makes the hypothesis that these two frequencies are 
the same, K, = »,. Let us generalize this hypothesis by assuming that 

K, = by», (17) 
where # is a numerical factor which Dushman takes equal to unity. 

The average life + of a reacting molecule is t = 1/K. We may thus apply 
Eq. (16) to evaporation by identifying this average life with that of an atom 
on the surface of an evaporating substance. From Eqs. (16) and (17) we 
obtain : 


1 = (h/Bbk)e”* 


or 
t = 4.8 x10 (1/Bb)e"? seconds (18) 

Elimination of + from Eqs. (15) and (18) gives® 
P = (Bboy k/h) (2umkT)* 07 (19) 


The value of o, depends primarily on the atomic volume but also on the ar- 
rangement of the atoms of the solid or liquid. For a crystal having a body- 
centered cubic lattice, such as tungsten, the crystal faces having closest packing 
of the atoms are the dodecahedral faces (110) and for these 


o, = 0.897 (0 /m)*? = 6.43 x 105 (9/M)?? (20) 
where @ is the density of the solid. The shortest distance 6, between atoms 
is 

8, = 1.091 (m/o)/* = 1.289 x10-* (M/o)"* (20a) 

With a close-packed lattice (face-centered) the octahedral faces contain 

most atoms per unit area and g, is given by an equation like (20) having a coef- 

ficient 0.916 instead of 0.897. The coefficient for the expression for 4, is 

1,122 instead of 1.091. Even for liquids we may use Eq. (20) with sufficient 
accuracy. 


* S. Dushman, ¥. Am. Chem. Soc. 43, 397 (1921). 

* This equation, with 6 = 1, has already been tested by Dushman and Langmuir. See 
Dushman’s chapter in H.S. Taylor’s Treatise on Physical Chemistry, D. Van Nostrand Co., 
New York, 1924 ed., Vol. II, pp. 1041-1042. 
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By substituting this value of o, in Eq. (19) and by introducing numerical 
values of the constants, we obtain as a general equation for vapor pressure 
p = 5.1 X10° bg??? M-V§ Ti2 ¢-biT (21) 
where , 

= b—(1/2T) (22) 
We now have three equations, (6), (12) and (21), which should give p in 
terms of b. Let us test them by the data on vapor pressures in ‘‘ International 
Critical Tables” (I.C.T.), Volume III. In most cases the tables contain the 

constants B and A, in the equation 
logio Pam = 0.05223 A,/T+B : (23) 


together with the range in temperature over which this relation is known to 
hold. Comparing this equation with Eqs. (6), (12), (21) and (7) we find that 


log A, = B+3.125 (24) 
log A, = B—log: Ty, +2.690 (25) 
log 8B = B—log (bo%M-*)— (1/2) log Ty,—3.80 (26) 

by = —0.1203 A, (27) 


In the case of substances for which B is not given in I.C.T., we may cal- 
culate B from two fairly widely separated values of vapor pressure (in mm) 
by the equation 


B = (T, log p, —T; log p,)/(T:—T3) (28) 


Table I contains values of B and 6, for eighteen chemical elements, se- 
lecting those for which the vapor pressure data are probably of greatest ac- 
curacy. The second column gives Ty, the mid-point of the temperature 
range covered by the data which were used in calculating the values of B 
and }, in the third and fourth columns. All these data were obtained from 
I.C.T. except in the case of rubidium and cesium. The positive ion method’ 
developed in this Laboratory is believed by the writer to be far more accurate 
than other published data for these two elements. 

If Trouton’s rule is valid, the values of A,, and therefore by Eq. (24) the 
values of B, should be the same for all substances. At the bottom of the 
table the average value of B is given and also the ‘‘standard deviation” (S.D.) 
of the individual values from the mean, viz., the root-mean-square deviation. 
The average value of log A, is therefore 10.65 with a S.D. of 1.19. 

The fifth column gives the log A, calculated from B by Eq. (25). These 
data serve as a test of Hildebrand’s rule. The S.D. from the average value 
is only 0.52, which is less than half of that observed with Trouton’s rule. 


* Langmuir and Kingdon, Proc. Roy. Soc. (London) [A] 107, 61 (1925); Killian, Phys. 
Rev. 27, 578 (1926). 
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Tasie I 
Vapor Pressure Data of Common Elements 











1 \ 2 3 4 5 6 7 
| Ty B be log A; log B log A,.5 
He | 40 | 465 17.3 6.74 +0.03 6.22 
Hy 193 | 5.48 122 | 6.88 —0.20 6.02 
N, | 75 6.86 709 | 7.68 0.41 6.52 
Oo | 79 7.09 | 872 | 7.88 —0.38 6.72 
A 8 | 6.96 821 7.71 —0.54 6.52 
Kr | 114 © 692 | 1130 7.55 —0.84 6.31 
ch | 2 , 7.59 2580 7.94 —0.57 6.55 
Br | 293 7.88 | 3810 8.10 —0.68 6.65 
lL, 423 7.98 5370 8.04 —0.90 6.51 
P, 373 7.80 6260 7.92 —0.89 6.42 
Hg 470 “7.90 7260 7.92 —1.45 6.36 
Cd 700 8.16 12,500 8.00 —1.43 6.36 
Zn 790 8.18 14,300 | 7.97 —1.48 6.31 
Na 600 7.55 12,400 7.46 —1.48 5.86 
Rb 340 7.43 9500 7.59 —1.40 6.11 
Cs 320 7.53 9200 77 1.31 6.25 
c 4400 9.60 65,000 8.65 —0.87 6.61 
w 2800 9.92 108,000 9.16 1.11 (7.22) 
Average! 7.53 7.83 —0.88 6.37 
S.D. +1.19 +0.52 +0.46 +0.22 




















The data of the sixth column, which serve as a test for the validity of 
Eq. (21), show that the average value of log f is —0.88 and the individual 
values have an S.D. of 0.46. Thus if we place 6 = 0.13 in Eq. (21) we have 
an expression for vapor pressure which is more accurate than Eq. (12). By 
Dushman’s hypothesis # should be unity; the observed value is of about 
the same order of magnitude although distinctly less than unity. 

In some preliminary tests of Eq. (21), log 8 was calculated from Eq. (26), 
by using approximate values of b from Trouton’s rule placing b = 11.5 Ty. 
This gives a term (3/2) log Ty instead of (1/2) log T,,. The resulting equa- 
tion was found to agree with the experimental data much better than does 
Eq. (21). Furthermore, it was observed that the factor 9*/? M-"* did not con- 
tribute materially to this accuracy. It was therefore decided to test also the 
empirical equation 

P= AysT?%e-o'T (29) 

where 
b = by—(3/2)T = (/k)—(3/2)T (30) 
to see if A,., is not more nearly constant than A, or B. The data in the 
seventh column® were thus calculated, in accord with Eqs. (7) and (23), from 
; log A,.5 = B—(3/2) log Ty,+2.473 (31) 


® In forming the average, the value for W-was discarded as this metal was in the solid 
state. The data for C are said in I.C.T. to apply to liquid carbon. 
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It is seen in fact that the S.D. of log A,, is now only 0.22, which is 
only about one-third as great as the S.D. for log A, and less than one-half 
that of log 8. The average value corresponds to 

A,., = 2.5 X10° baryes deg.-*/# (32) 

The data on the vapor pressures of liquid chemical compounds in I.C.T., 
Vol. III, pp. 213-214, are in agreement with these conclusions. Certain ‘‘as- 
sociated” substances, such as H,O and NHsy give va'ues A, and Aj., about 
ten times above normal. The following ten liquids, for which accurate data 
are available, give log A,., = 6.50+0.16: HCl, HBr, HI, CCl, CS,, SiCk, 
SnCl,, C;H,, C,Hio, CsH, (benzene). The data for fused salts are similar, 
although naturally less reliable. Thus the seven salts: PbCl,, HgCl,, LiCl, 
NaCl, KCl, KI, LiF, give log A,,, = 6.43+0.47, the mean value of Ty 
being 1340°K. 

We may thus conclude that Eq. (29) with the value of A;., given by Eq. 
(32) is the most accurate of the expressions we have tested, giving the vapor 
pressures of liquids usually within about 40%, if the value of b, is known.® 


Vapor Pressures of Solids 


If the latent heat of fusion L, is known, the vapor pressure of a solid 
below the melting point T, may be calculated from that of the liquid above 
this temperature. Thus we have 

Ps, = A,T’ exp. (—L,/RT) and p, = A,T’ exp. (—L,/RT) 
Equating ps = p, at T, and noting that L,—L, = L, we have 
A, = A, exp. (L;/RT;) (33) 

The heats of fusion of twenty-one metallic elements are given in I.C.T., 
Vol. II, p. 458. The ratio L,/T,, which we shall call f, is approximately 
constant, the average value for all these elements (except Sb, which gives 
5.3) being 2.34 calories per g atom per degree, while the S.D. of the indi- 
vidual values is +0.72. For the non-metallic elements (I.C.T., Vol. V, 
p. 131), taking L, as the heat of fusion per gram molecule, we find that 
the ratio f= L,/T, is about 2.3 for A, O,, Hy, N, and P,, but rises to 
about 9.7 for Cl, and Br. 

Among compounds such as HCl, CCl,, C,H,, NaCl, which have rather 
compact molecules, f has values ranging from 3 to 8, but for organic sub- 
stances consisting of large molecules such as stearic acid and tristearine, 


* These deviations from Eq. (29) are of course not to be regarded as errors. Any rigorous 
calculation of vapor pressures must involve either knowledge of specific heats and chemical 
constants or a detailed knowledge of the constitution of the liquid and gas phase such as 
we may hope to obtain from spectroscopic data, etc. This knowledge is so seldom available 
that it is a matter of considerable practical importance to have an empirical equation like Eq. 
(29) which is so generally applicable. 
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f rises to large values (40 and 124, respectively), increasing roughly in pro- 
portion to the number of atoms in the molecule.!° 
Equation (33), after putting R = 2 calories, thus becomes 


log A, = log A,+0.218 f (34) 


We may thus apply Eq. (29) to the vapor pressures of solids if we increase 
the value of A,., in accord with Eq. (34). For solid elementary substances 
or those having relatively rigid molecules, we may put f = 2.3 and thus the 
value of A,., instead of being given by Eq. (32) should be 


(for solids) A,., = 8x 10* baryes deg.—*/* (35) 


Chlorine and bromine having less rigid molecules give values of f = 9.7 
so that by Eq. (34) the value of A,., for these substances in solid form is 
about 150 times as great as for ordinary liquids. This agrees well with the 
data of I.C.T. on.the vapor pressures of these solids. For example, for solid 
chlorine B is given as 9.95, while for liquid chlorine (see Table I) it is 7.59. 
For organic substances such as tristearine (f = 124) according to Eq. (34) 
A;., must rise to the enormous value of 10. 

We may thus conclude that A,., in Eq. (29) may be regarded approxi- 
mately as a universal constant as applied to liquids and as another constant 
when applied to solids having rigid molecules; but for other solids the values 
of A,., may increase to very much larger values. 


Evaporation of Adsorbed Atoms 


The average life + of an atom on the surface of an evaporating liquid or 
solid was given by Eq. (15) in terms of o, and p. Disregarding for the 
present solids with non-rigid molecules, we may consider that p can be ex- 
pressed in accord with Eq. (29) as a function of T and b. In this way a general 
expression for t can be derived 


t = (2nmk)!2(Ay.,T)0,€'7 " (36) 


10 These large values of f are understandable when we consider that a large part of the 
heat of fusion of such substances must represent an internal heat of fusion of the molecules them- 
selves which would increase roughly in proportion to the size of the molecule. Thus in solid 
tristearine the three hydrocarbon chains are undoubtedly rigidly arranged within the solid 
lattice so that the molecule itself is solid. But when the substance melts, the molecule also 
melts. 

With such large molecules it is probable that the molecules of the vapor may also exist in two 
states in which they are internally solid or liquid; however, the transition will probably occur 
in a temperature range far below the melting point of the solid phase. In this range the specific 
heat of the vapor would have abnormally high values. , 

From this point of view the large increase in A observed with some solids is due to the 
fact that the molecules ‘‘melt” during the evaporation process so that the vapor molecules have 
an internal mobility not possessed by those in the solid. If the molecules evaporated as solid 
molecules, f would have a normal value but the heat of sublimation Ls would no longer be 
equal to the sum L;,+Lr. . 
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or if we put A,;., = 8 x10* by Eg. (35) 
t = 4.7 x10? M0, T71e7 (37) 

The atoms of solids and liquids as well as gases have kinetic energies cor- 
responding approximately to (3/2)kT, so that their average velocity v may 
be taken to be 1.45 x104(7/M)"*. It is of interest to know 6, the average 
total distance measured along its path, which the surface atom travels in the 
time 1, so that we may estimate the number of oscillations that occur during 
its life +. Putting 6—= vr and combining with Eqs. (37), (20) and (20a), 
we thus obtain 

8/0 = 34(0/M) T1007 G8) 
where 6 is given by Eq. (30). 

It should be noted that the coefficient of e/7 is of the order of magnitude 
of unity. Thus at very high temperatures or for very small values of b (b/T 
small), 6 becomes approximately equal to 39, so that the atoms evaporate in 
the time necessary to perform one oscillation. Under such conditions we may 
hardly consider that an impinging molecule condenses and reevaporates. 

We need to examine a little more closely the meaning of t and o,. The 
life + may be called the evaporation life; a diffusion of a surface atom into 
the interior of a liquid should not be regarded as a termination of its life. 
More rigorously t may be defined by stating that dt/r is the probability that 
a given surface atom will evaporate in the time dé. 

We have seen that Eq. (29), with the appropriate values of A,.5, is ap- 
plicable with reasonable accuracy to the evaporation of atoms or molecules 
from surfaces of such widely different types as those of liquid helium, phos- 
phorus, mercury or carbon. 

The life of any atom on the surface thus depends essentially on the value 
of 6, in accord with Eqs. (36) and (37). In general, with homogeneous 
bodies, the heat of evaporation (4 = kb ) is the same for all the atoms. If there 
are on the surface atoms of more than one kind which differ in composition 
or in their geometrical relation to one another, the values of 5 for different 
atoms may vary. This should not affect the validity of Eq. (36); it would 
merely give a separate value of + for each atom dependent upon the b for 
that atom. Since it is very unlikely that the validity of this equation requires 
that the evaporating atoms shall be similar to those in contact with them on 
the surface, we are justified in applying Eqs. (36) and (37) to adsorbed 
films. 

Adjacent adsorbed atoms may exert strong forces on one another, but 
this will produce its effect on t, in accord with Eq. (36), by the change in 
the value of b. However, if the surface is homogeneous, we may take the 
same value of b for all the adsorbed atoms, although 6 will vary with the 
surface concentration a because of the forces between adatoms. In the fol- 
lowing discussions we postulate homogeneous surfaces, but in a later section 
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shall treat the case of heterogeneous surfaces where b varies from atom to 
atom, not because of the interactions of adatoms, but because of non-uniform 
forces exerted by the underlying surface. 

Consider now a homogeneous surface on which there is an adsorbed film 
containing o atoms per unit area, the value of + being the same for all 
atoms. The rate of evaporation (atoms cm™*sec~!) is proportional to the 
probability per sec (1/r) for the evaporation of each atom, so that 


y= o/t = 0, 0/t (39) 
Taking the value of + from Eq. (36) we have 
¥/@ = A,.,(2nmk)“? Tet (40) 


or, after inserting numerical values including A,.; = 8 x10* from Eq. (35) 
and transforming by Eq. (7), we have 


»/8 = 5.7 X10%M72T eT (41) 
b = b,—(1/2)T (42) 
In deriving these equations for the evaporation of adatoms we have not needed 
to assume that © is small or that the interactions between the adatoms are 
negligible. These relations should thus be applicable to concentrated as well 
as to dilute adsorbed films. Since, however, 5 is in general a function of 
@, it does not follow from Eq. (40) that » is proportional to 6, except 
at such low values of @ that 5 is close to the limiting value that it must 
approach as © becomes zero. 
It is frequently of interest to know the relation between @ and the gas 
pressure p in equilibrium with an adsorbed film. Since the rates of con- 
densation and evaporation are then equal we may put 


where 


y= op (43) 
By combining Eqs. (40), (43) and (1) we obtain the useful result 
PP = (0/a)Ay.5T??e7 (44) 


which becomes identical with Eq. (29) if 9 = 1 and a = 1. After inserting 
numerical values according to Eq. (35) and transforming by Eq. (7), this 


becomes 
O = 2.8 x10-* apT Be? (45) 


COMPARISON WITH EXPERIMENTAL DATA 


In studies of the electron emission of thoriated tungsten filaments," the 
rate of evaporation of adsorbed thorium atoms over the temperature range 
from 2055 to 2450°K and at an average value @ = 0.5 was found to be given by 


log vy = 31.43—44,500/T 
11 Langmuir, Phys. Rev. 22, 357 (1923). See Table VI and Eq. (41) on p. 391. 
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By Eq. (41), putting M = 232, T, = 2250 and 6 = 0.5, we obtain 
log » = 28.62—b/2.3T 


The difference of 2.8 between 31.43 and 28.62 is far greater than the S.D. 
of 0.2 in log A,., which we found in Table I. This does not necessarily 
indicate, however, that the accuracy of Eq. (41) as applied to evaporation 
of adsorbed substances is not comparable with that of Eq. (29) for vapor 
pressures. If we put 

log » = 29—39,000/T 
we find that these values of log » agree, with a S.D. of 0.12, with those ex- 
perimentally determined. This S.D. is certainly within the possible experi- 
mental error. 

Measurements" of the rates of evaporation of adsorbed oxygen atoms 
from a tungsten surface have given the data in Table II. 


Tasre II 
The Rates of Evaporation of Oxygen Atoms from a Tungsten Surface 








T — | ty, min | log (*/8)or. [10g (*/P)catca.| Diff 
1856 27.5 11.77 11.82 : —0.05 
1978 2.00 12.91 (12.91) (0.0) 

13.75 | 13.64 +0.11 


2070 | 0.292 





The time in minutes required to evaporate half of the adsorbed oxygen 
is shown in the second column. The ratios of these values are far more ac- 
curate than the absolute values. Converting these times to seconds and dividing 
by In 2 we get t, and then we may calculate »/@ = o,/r according to Eq. 
(39). Since oxygen atoms or ions are smaller than tungsten atoms and are 
held by extremely strong forces, we may take o, to be the same as for the 
tungsten atoms on the surface, o, = 1.42 x10. This gives the values under 
(»/®),» in the table. In these experiments @ varied in a range between 
0.3 and 0.1. 

Putting M = 16 and T, = 2000 in Eq. (41) and choosing 5 so that the 
value of ¥/@ at 1978° agrees with that observed, we obtain 

log (»/@) = 29.45—32,720/T (46) 
and from this equation the values of log (»/@),.1o4,. were calculated. Table II © 
shows that the agreement is within the probable experimental error, as the 
S.D. corresponding to the differences is only 0.07. The value of by by Eqs. 
(42) and (46) is 76,400, and the heat of evaporation per gram atom 5,R is 
is 152 kg cal., which is to be compared with 162 obtained? from the tem- 
perature coefficient of t,,,. 


48 Langmuir and Villars, ¥. Am. Chem. Soc. 53, 495 (1931). 
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The adsorption of oxygen on tungsten calls into play powerful chemical 
forces which are often regarded as very different in type from those involved 
in the evaporation of such substances as are listed in Table I. It is therefore of 
particular interest to find that Eq. (40) applies so well to a case of this kind. 


Forces Acting on Adatoms 


There are two types of forces to be considered: those exerted by the under- 
lying atoms, and those acting between the adatoms. 

The underlying atoms always exert attractive forces but these may have 
an enormous range of intensities. If the surface is covered with adatoms having 
a heat of evaporation A = kbo, the energy per unit area which must be expended 
to remove them is o,kby. If the effective range of the forces is 10-* cm, 
the force per unit area which must be exerted to pull them off is thus 10%¢,kb,. 
With an oxygen film on tungsten 5, = 76,000 and o, = 1.4.x10", so that 
this force corresponds to 10 baryes or 10* atmospheres. 

The smallest forces that are likely to occur are those involved when 
helium atoms or hydrogen molecules strike a chemically saturated surface 
such as that of tungsten covered by adsorbed oxygen. In such cases* there 
is no appreciable adsorption and the incident atoms remain on the surface 
for a time so short that they do not even reach thermal equilibrium, so that 
the accommodation coefficient is much less than unity (0.1 to 0.2). 

The stability of an adsorbed film depends primarily on the magnitude 
of by and on the pressure in the gas phase. The condition under which an 
approximately complete monatomic film is in equilibrium at the pressure p 
can be found by putting 6 = 1 in Eq. (45) 

ape? > 3.6 x10" Ty (47) 


We shall see later in most cases that a = 1 except when 6 approaches 
closely to unity. Thus under high vacuum conditions when p = 1 barye, 
the surface will be completely covered only when },/T exceeds 25.9 or 28.6 
at values of T,, of 300 or 2000°, respectively. At atmospheric pressure (p = 10°), 
the corresponding values of 5,/T are 12.1 and 15.2. From these data we 
find, for example, that an oxygen film in presence of 1 barye of oxygen should 
cover a tungsten surface (b) = 76,000) up to about 2600°K; this conclusion 
is in accord with experiments.4 A filament at room temperature in presence 
of gas at 1 barye would be covered if by exceeds 7000. 

When 3b,/T is so large that the first layer of adatoms is nearly complete, 
it is possible that a second layer may form; let 6, be the fraction of the 
surface covered by this second layer. 

The conditions under which @, becomes comparable with unity are given, 
as before, by Eq. (47) if we replace b, by 5’ which measures the heat of 
“9 Blodgett and Langmuir, Phys. Rev. 40, 78 (1932). 

44 Langmuir, J. Am. Chem. Soc. 38, 2271 (1916). 
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evaporation of atoms from the second layer. There are now two important 
cases to consider according as b’ is less than or is greater than dy. 

Case I, b' < b,.— There will be a range of temperature in which the film 
will be a complete monatomic film. For example, with a gas pressure of 1 barye 
and a temperature range in the neighborhood of Ty = 600°, Eq. (47) shows 
that a complete film forms if b/T exceeds about 27. The temperature 7, 
at which the first layer becomes complete is thus T, = 5,/27, whereas the second 
layer becomes complete at T, = b’/27. If b, = 20,000 and, b’ = 15,000, we 
have T, = 740 and T, = 555°. By Eq. (45) we calculate that at 740° where 
the first layer is complete, 6, = 0.0012. The temperature coefficients are 
so great that above 740° the value of @ in the first layer decreases to 0.14 
at 800 and 0.01 at 900°; in the second layer ©, increases to 0.019 at 650°, 
0.13 at 600° and 1.0 at 555°. 

Thus even when 0’ is as great as 0.75 by), the monatomic character of the 
adsorbed film is very striking, and there is a range of about 100° in which 
the film is complete. : 

Let us consider some typical cases in which b’ < by. 

The forces between tungsten atoms in solid tungsten (roughly measured 
by 5, = 108,000 as given in Table I) are comparable in magnitude with those 
holding the atoms in the most stable of chemical compounds. These forces 
at a clean tungsten surface are very much unsaturated, each atom having 
only 6, instead of 8, neighbors. Although in other solids the forces are less 
intense than in tungsten, comparison with Table I shows that by for typical 
solids will be at least as great as 10,000. 

When gas molecules such as H,, N, or Og, or even inert gas atoms He or 
A, are brought into contact with the clean surface of solid bodies, attractive 
forces must usually come into play which are much larger than those hold- 
ing these gas molecules on surfaces of their own liquid phases. Such at- 
traction would result merely from the polarization of the molecules produced 
by their deformation in a strong field of force,® but these ‘‘molecular” forces 
will never rise to very high values. 

At sufficiently low temperatures in presence of gas the surfaces of solids 
must become completely covered with adsorbed films. Additional gas mole- 
cules striking such surfaces are acted on only by the weak forces exerted by 
the adsorbed molecules and not the strong forces characteristic of the solid 
and therefore in all such cases b’ < by. 

An estimate of the magnitude of 5, involved in typical molecular adsorp- 
tion on non-metallic surfaces may be made from measurements" of the ad- 


18 A discussion of the nature and magnitude of such forces was given in a paper ‘‘Forces 
Near the Surfaces of Molecules,” I. Langmuir, Chem. Rev. 6, 451 (1929); see particularly 
pp. 457-462. 


18 Langmuir, ¥. Am. Chem. Soc. 40, 1361 (1918). See particularly Eq. (31) and the Tables 
on pp. 1390-1391. 


11 Langmuir Memorial Volume IX 
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sorption of gases on plane surfaces of glass and mica at the temperature 
of liquid air. 

The amount of gas adsorbed by a given surface was found to vary with 
the pressure p in accord with the equation 


q = abp/(1 +ap) (48) 
where a and 6 are constants at any given temperature. The parameter a has 
the dimensions of the reciprocal of a pressure and its value does not depend 
upon the amount of surface exposed nor upon the units used in measuring 


q and b. Comparison of Eq. (48) with Eq. (4) shows that they are of the 
same form and that 


ap = agtp/o, 
Combining with Eqs. (43), (39) and (44) 
1/a = p/O = (1/a) Ay.5 T??e-?'7 (49) 


where 6 is given by Eq. (30). 

For argon, oxygen and nitrogen at 90°K in contact with dry glass the 
values of a were found to be 0.051, 0.079 and 0.088 (baryes)“!. The adsorption 
of these gases on mica gave 0.065, 0.080 and 0.156. From Eqs. (49), (35) 
and (30), putting a = 1, we obtain values of b, that average 1950 with a S.D. 
of only +27. 

Table I shows that the average 5, for the evaporation of these gases is 
800. Thus the heat of evaporation of these adsorbed molecules from glass 
or mica surfaces is about 2.4 times as great as from the corresponding liquid 
phases. 

In the experiments referred to, pressures from 1 to 100 baryes were used. 
At somewhat higher pressures or lower temperatures the adsorbed films 
approached saturation (@ = 1). The forces tending to hold molecules in 
a second layer are probably not appreciably greater than those that would 
act in the liquid phases of these gases. It is true that the adsorbed molecules 
in the first layer are not wholly in the condition of normal molecules in the 
liquid phase; they are polarized by deformation in a strong field of force. 
But surely the forces they exert on molecules in the second layer are much 
closer to the forces characteristic of gas molecules than they are to the forces 
exerted by the underlying solid upon the molecules in the first layer. 


Transmission of Polarization through Molecular Layers 
The forces acting between successive layers of molecules may be character- 
ized by a series of values of 6 such as by, 5’, b’’. These must rapidly approach 
a limiting value b,, which would be the same as for a condensed phase of 
the adsorbed material. Almost the whole of the transition from by to b, 
must occur between 5, and b’. 
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The experiments of de Boer!’ on the adsorption of iodine vapor on solid 
films of calcium fluoride enable us to estimate the magnitude of these transmit- 
ted effects. His experimental results, in terms of our nomenclature, may be 
summarized by the equation 


log [—log (p/1.1 po)] = —4.3 xX 10 o,n +.0.43 (50) 


where n the number of layers of molecules of J,, each layer containing 0, mole- 
cules per sq. cm; p is the pressure of iodine vapor in equilibrium with the 
film at a given temperature (ca. 20°), while p, is the vapor pressure of 
solid iodine at the same temperature. In the experiments p/p, was varied 
only between 0.1 and 0.95. 

De Boer and Zwikker'® have calculated that in a series of layers of pola- 
rizable molecules the polarization in the (n+1)* layer is K, times that 
in the nth, where K, is a constant numerical factor less than unity, but which 
is proportional to the polarizability a of the molecules. From this they 
obtain an expression for the vapor pressure, which we may put in the form 


P = Kspy exp. (K2K?) (31) 
Although de Boer does not give the numerical value of K,, comparison of 
Eqs. (50) and (51) shows that 


log K, = —4.3x10-%o,; K,=-—62; K,=1.1 (52) 


Assuming that the arrangement of atoms in the CaF, film (produced by 
evaporation) is like that of octahedral faces of a fluorite crystal, de Boer cal- 
culates that the number of fluorine ions per sq. cm is 7.75 x10", He considers 
that this number of iodine atoms per unit area are adsorbed. Applying Eq. 
(20) to molecular iodine we obtain o, = 4.56 X10" molecules cm7*. 

Harris, Mack and Blake!® have shown that iodine crystals belong to the 
orthorhombic system and that the atoms are grouped in pairs as molecules. 
The distances between the centers of the two atoms in a molecule is 2.79 A, 
while the shortest distance between the centers of atoms which are not in 
the same molecule is 3.51 A. The unit cell of dimensions a = 4.795 A, b 
= 7.255 A and c = 9.780 A, contains four molecules whose centers are at the 
corners and at the centers of the faces. 

From these data we find that in crystal faces parallel to two axes the 
values of o, are: for ab 5.75, for be 2.82 and for ca 4.26 (unit = 10 mole- 
cules cm-*). The 111 faces contain o, = 4.35 x10 molecules. It is evident 
that if one molecule is located above each fluorine ion (0, = 7.75 x10") the 
molecules are very much crowded so that repulsive forces (neglected by de 
Boer) must be of very great importance. These facts invalidate the particular 


17 J. H. de Boer, Z. physik. Chem. B 13, 134 (1931); Proc. Acad. Amsterdam 31, 906 (1928); 
see particularly the equation at top of p. 152. 

18 J. H. de Boer and C. Zwikker, Z. physik. Chem. B 3, 407 (1929). 

1° P.M. Harris, E. Mack and F.C. Blake, ¥. Am. Chem. Soc. 50, 1583 (1928). 
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structure assumed by de Boer, in which atoms are considered to be arranged 
in vertical columns over the fluorine ions. Although the molecules in the 
first layer are probably attached to the fluorine ions, those in the next 
few layers are thus probably arranged as irregularly as those of liquids, with 
a tendency to assume a more stable crystalline from at greater distances from 
the disturbing CaF, surface. In any case, however, the exponential decrease 
in polarization as the number of layers increases should be approximately true, 
except in the case of the first and second layers. 

If we take 0, = 5.75 x10"4 as the most probable value (after the first layer), 
we find from the expression for K, in Eq. (52) 


K, = 0.57 


If o, = 4.56 x 10" as given by Eq. (20), the value of K, would be 0.64. 

In calculating the coefficient 4.3 10-!* in Eq. (50) de Boer assumed 
that the surface of the CaF, film was the same as that of the glass on which 
it was deposited. If the actual surface was 50% larger, this would de- 
crease K, from 0.57 to 0.43. 

Roughly speaking, therefore, the polarization of any layer of molecules 
is about one-half of that in the next lower layer. Langmuir,?° by a study 
of the dissociation constants of the chlarine-substituted fatty acids, found 
that the polarizing forces along an aliphatic hydrocarbon chain deformed 
near one end decrease in the ratio 2.1:1 (or K, = 0.37) for each successive 
carbon atom. 

Comparing Eqs. (51) and (6) and using the values K,=0.5, K, 
= —6.2, K, = 1.1, and T = 293 we see that 


b, = b, — 29-+1800 (0.5)" (53) 


where }, is the value of 5, for solid J,, which is 7570 according to the data of 
1.C.T. The term — 29 is the contribution of the factor Ky. The distur- 
bance in the regular arrangement of molecules which results from the under- 
lying CaF, film raises the limiting vapor pressure for thick layers by 10% 
.(K, = 1.1), but this is equivalent to a change of b of only 29 out of 7570 or 
only 0.4%. When we consider that the difference between the liquid and 
solid state alters by from 5370 to 7570 (see Table I), we realize how insignifi- 
cant these disturbances are, and how little we should be justified in assum- 
ing a value for o, which is appreciably different from that characteristic of 
solid iodine. 

The term 1800(0.5)" in Eq. (53) results from the polarization trans- 
mitted from layer to layer. Thus the polarization of the second layer 
increases the value by 450 which is only 6% of the value of 5, for solid 
iodine. 


9° See reference (15), particularly p. 467. 
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The exponential factor (0.5)" is certainly not applicable to the first layer 
of molecules for these are exposed directly to the powerful polarizing forces 
of the ions with which they are in contact. We have .already seen that 
glass surfaces (far) less effective than CaF.) raise the value of by for the first 
layer of nitrogen molecules 2.4-fold, although the polarizability a of N, is 
small compared to that of I,. If a similar factor can be applied to iodine, 
the value of 5, for the first layer on CaF, would be about 13,000; compared 
to this, the effect of the polarization in the second layer is almost wholly 
negligible. 

When, however, the vapor in contact with an adsorbed films is nearly 
saturated, even these weak polarizing forces naturally produce marked 
effects. Substituting the values of K,, K, and Ky in Eq. (51), we calculate 
that the values of p/p, for the successive layers are (for n > 2). 








» | pie | = | Pls 
1.01 | o.000s | 20 0.235 
11 j 0.006 | 3 0.504 
1.2 0.014 4 0.744 
14 0.038 5 0.906 
1.6 0082 | 6 1.00 


For values of n less than 2, where the exponential relation cannot hold, 
we have assumed a linear relation between b and n. In the exponent of 
Eq. (51), —6.2(0.5)" has been replaced by 1.55(3 — ), which gives the 
same value (1.55) for n = 2 and gives a value twice as great as this for the 
evaporation of isolated molecules from the second layer.24 The values of 
P/P> obtained by Eq. (51), in the range below n = 2, were then multiplied 
by 6, =  — 1 in accordance with the occurrence of the factor 6 in Eq. (44). 

Over the range of pressures p/p, from 0.1 to 0.95 covered by de Boer’s 
experiments, n varied only from 1.6 to 5.5. At pressures less than 0.01 po 
the second layer of molecules rapidly disappears, and the film becomes 
monomolecular. If 6, has any such value as 13,000, this monomolecular 
film would be stable in presence of an iodine pressure as low as 10-* po; 
the average life + of the molecules in the first layer would be 2000 sec, 
while that of isolated molecules in the second layer (b‘ = 8440) would be 
only 4 x10~ seconds. 

These conclusions, while only approximate, help us to form a clear 
conception of the relative magnitudes of the factors determining the 
character of typical adsorbed films. The reasons for the nearly universal 


‘1 A similar assumption has been found to be approximately true for cesium films on 
tungsten and is in accord with de Boer’s calculation that the mutual repulsion of the dipoles 
in a complete layer decreases the heat of evaporation (due to dipoles) to one-half of that for 
single dipoles; see Proc. Amsterdam Acad. 31, 909 (1928). 
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monomolecular character of adsorbed films become apparent, but at the 
same time we are led to understand that under rather special conditions 
multimolecular layers may form. 


Case II, b’ > by.—Liquid mercury (or cadmium) does not wet a glass 
surface. We may inter that the forces between mercury atoms in liquid 
mercury are greater than those between a glass surface and mercury atoms 
in contact with it. Thus the heat of evaporation (kb) of adsorbed mercury 
atoms on glass is less than the heat of evaporation (kb’) of atoms from a 
second or third layer of mercury atoms on glass. 

It has been proved experimentally that isolated cadmium atoms 
evaporate from a glass surface at room temperature enormously more 
rapidly than do atoms in contact with other cadmium atoms. When 
cadmium vapor at low pressure strikes a glass surface at —40°, nearly all 
the atoms reevaporate before they come in contact with other cadmium 
atoms. If, however, small groups of atoms are formed by raising the 
pressure of the vapor or by further lowering of the temperature, then these 
serve as nuclei for the formation of crystals from which there is no ap- 
preciable evaporation at room temperature. 

Under such conditions the only uniform adsorbed films that can occur are 
those that cover an extremely small fraction of the surface (9 < 1); with 
higher surface concentrations nuclei are formed and the .condensed film is 
discontinuous. Strong lateral attractive forces between adatoms may also 
cause these colloidal or granular condensed films to form. 

The cases where b’ > by are to be found particularly where the adsorbate 
is a substance having a large heat of evaporation (low vapor pressure) and 
is the type of substance that would be difficultly soluble or miscible with 
the substance of the adsorbent. Thus since molten metals are not generally 
miscible with non-metallic liquids, we understand the behavior of mercury 
and cadmium toward glass. 

Such effects may be greatly enhanced by covering the surface of the 
adsorbent with a monomolecular oil film such as that of a fatty acid. For 
example, glass surfaces in contact with saturated cesium vapor show 
marked electrical conductivity because of adsorbed cesium; but a mono- 
molecular oil film on the glass tends to cause the cesium to condense in 
separated particles and eliminates the conductivity. The hydrocarbon 
surface is covered with chemically saturated hydrogen atoms from which 
cesium atoms evaporate far more readily than from cesium metal. A 
similar phenomenon is responsible for the injurious effect of traces of oily 
substances on the operation of mercury condensation pumps. 

In our present study of evaporation and condensation of adsorbed films, 
we shall confine ourselves to cases where b’ < by. 


32 Langmuir, Proc. Natl. Acad. Sci. 3, 141-147 (1917). 
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Forces Acting between Adatoms 


From measurements of the rate of evaporation of cesium adatoms on oxy- 
gen-covered tungsten, Becker*® has concluded that the heat of evaporation 
decreases as @ increases, and from kinetic theory considerations deduces an 
equation similar to Eq. (40) in which d is a linear function of 9. 

John Bradshaw Taylor has recently* completed an extensive series 
of accurate measurements of the rates of evaporation of atoms (¥,), of ions 
(»,) and electrons (»,) as functions of T from surfaces of pure tungsten on 
which are adsorbed. known numbers (oc) of cesium atoms per unit area. 
These data afford an opportunity of studying in detail the electrical 
properties of adsorbed films and the forces acting between adatoms. 

The values of »/@ at 800°K. were found to increase about 10'°-fold as @ 
increases from 0 to 1, indicating very strong repulsive forces between 
adatoms. The following analysis enables us to determine these forces 
quantitatively. 


Equation of State of Adsorbed Films 


The Gibbs equation for the adsorption isotherm is readily expressed® 

in the form 
d 
ame = ohT (54) 

where w is given by Eq. (1) and Fis the spreading force of the adsorbed 
film (dynes cm.-'). This equation is thermodynamically rigorous if the 
ideal gas laws apply in the gaseous phase, the surface is homogeneous and is 
in equilibrium with the vapor. Variations in surface mobility of the 
adatoms cannot effect the value of F if equilibrium prevails, but they may 
determine the time of relaxation, i.e., the time required for restoration of 
equilibrium after a disturbance. 

If », can be expressed as a function of 6, then by Eqs. a) and (54) the 
spreading force is 


F=kT { odin(,/a) (55) 
The effect of forces acting between molecules on the equation of state of 
gases can be calculated by the virial equation* 


pV = RT+5- YU) 


= J. A. Becker, Trans. Am. Electrochem. Soc. 55, 153-173 (1929). 

* A brief preliminary description of the method used in obtaining these data and of the 
conclusions drawn from them has been published; Langmuir, ¥. Am. Chem. Soc. 54, 1252 (1932). 
The derivation of the equations there given is contained in the present paper. * 

% See Lewis and Randall, Thermodynamics, McGraw-Hill Book Co., Inc., New York, 
1923, p. 250; Langmuir and Kingdon, Proc. Roy. Soc. (London) A 107, 72 (1925). 

* See Jeans, ‘‘Dynamical Theory of Gases,” University Press, Cambridge, England. 
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where f is the repulsive force that acts between two molecules when their 
distance apart is r; the summation is to be extended over all pairs of mole- 
cules in a gram molecule of gas. In the van der Waals equation 


(p+a/V*)(V—b) = RT 


the presence of the factor V — b can be deduced by considering the virial 
of short range repulsive forces which act when molecules come into contact. 
The term a/V* corresponds to the attractive forces of relatively long range. 

In an entirely analogous manner the virial may be used to calculate an 
equation of state for adatoms. In this case 


FA= RT+ 4) (56) 


where A is the area which contains a gram atom and the summation extends 
over all the pairs of adatoms in area A. 

The two-dimensional van der Waals equation, considering that the long 
range forces are now repulsive instead of attractive, takes the form 


(F—a/A*)(A—A,) = RT (57) 


The ordinary derivation of this equation considers only first-order 
effects as the surface concentration increases; the value of A, is then found 
to be one-half the area actually covered by a gram atom of adatoms. 
Langmuir*’ has tested this equation with experimental data of N. K. Adam 
on oil films at high surface concentrations and finds that A, corresponds to 
a close packed film in which the molecules unquestionably completely 
cover the surface.i}Dr. Lewi Tonks has made a theoretical analysis for the 
case of adatoms at high concentrations and finds in fact that the value of A, 
should then correspond to the actual area covered instead of one-half that 
area. 

In carrying out the summation in Eq. (56), we may select arbitrarily any 
atom P as typical and form the sum 2,(rf) for all the pairs which include 
the atom P. Since f must decrease very rapidly as r increases, this sum 
~,(rf) is independent of the area over which the summation extends as long 
as it greatly exceeds molecular dimensions. To form the summation indi- 
cated in Eq. (56) we must thus select each atom in turn as a P-atom, finding 


DP) = (1/204 J (0f) 
where the factor 1/2 has been introduced in order that we shall not count 
each pair twice. Substituting this value in Eq. (56) and noting that Ao = 
R/k we obtain 


F = okT+(1/4) 0,07) (58) 


"7 Langmuir, Third Colloid Symposium Monograph, 1925, p. 72. 
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In order to bring out the relationship between Eqs. (58) and (57) we may 
rewrite the latter in the form 


F = okT[(1—o/o,)+a' o* (59) 
and this may be further modified to 
F = okT+0°kT/(o,—«)+a' o? (60) 


By considering the origins of the terms in Eq. (60) and comparing these 
with the corresponding terms in Eq. (58), we see that the virial term in the 
latter can be split into two parts: one, o*kT/(o, — ¢), corresponds to the 
short-range forces acting when atoms are in contact, and the other, a’o*, 
to the long-range repulsive forces. The actual form of the a’o* term has, 
however, been based on approximations which will not be sufficiently good 
for our needs and therefore we may write in place of Eq. (59) 


F = o,kT6/(1—0)+F’ (61) 
where 


F = 0.250 D(rf) (62) 


Ja being the long range repulsive force at distance r. 

Ordinarily in gas theory the force function f(r) is not definitely known 
and it falls off with such a high power of the distance that structural 
properties of the molecules cannot be neglected. Therefore the virial 
method has not been particularly successful in gas theory. In the theory 
of electrolytics, however, where the forces decrease less rapidly, the virial 
proves very useful.## 

The attractive forces holding adsorbed molecules on surfaces are ordi- 
narily far stronger than those acting among the adsorbed molecules and 
thus the adsorbed molecules will usually be highly polarized so that they 
become dipoles having parallel orientations. In general, therefore, we 
should expect repulsive forces rather than attractive forces to be active 
between the adsorbed molecules. 

In the case of cesium films we have very direct proof that the adatoms 
act as dipoles. Adsorption of alkali metal atoms occurs strongly only 
when the electron affinity of the adsorbent metal exceeds the ionizing 
potential of the alkali, so the act of adsorption probably involves a transfer 
of the valence electron to the underlying metal. The force holding the 
atom may thus be regarded as the attraction of the cesium ion and the 
negative charge induced in the metallic surface (image force). The posi- 
tive charge>on the adatoms manifests itself by changing the contact po- 
tential (by as much as 3.0 volts**) and by a corresponding increase in the 
electron emission. 


* See Milner, Phil. Mag. 25, 742 (1913), and A.A. Noyes, ¥. Am. Chem. Soc. 46, 1080 
(1924). 
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The measurements of Langmuir and Kingdon®* have shown that for a 
given temperature the electron emission has a maximum at a particular 
value of 6. With the surface in this condition the emission is given by 
I= AT*e'T with A = 3.26 amp. cm-* deg.~? and b = 15,820, whereas 
for a pure tungsten surface the constants are A= 120, b = 53,650. A 
comparison of these data gives for the contact potential of the optimum 
cesium surface against pure tungsten 3.26 — 0.31 (7/1000) volts or 3.01 
volts at 800°K. 

Taylor’s experiments have shown that at low temperatures and high. 
cesium pressures, the surface concentration approaches a definite limiting 
value of 4.810 atoms per cm? of apparent surface (zld) corresponding 
to 6 = 1. In the preliminary treatment of the filament it was heated for a 
considerable time to 2800°K so that appreciable etching by evaporation 
occurred. Under these conditions the dodecahedral forces (110) are de- 
veloped.*4 The true surface on which adsorption takes place must there- 
fore exceed the apparent surface. Tonks*? has shown, on the assumption 
that the crystal grains have random orientation, that the lowest possible 
value for the surface excess for dodecahedral faces is 0.225. The number 
of tungsten atoms per sq. cm in a dodecahedral face is 1.425 x10¥. 

Simon and Vohsen** have found that cesium crystallizes in a body- 
centered cubic lattice with a lattice constant 6.05 A at liquid air tempera- 
ture (about 6.17 A at room temperature). Tungsten has the same type of 
lattice but the constant is 3.15 A. Thus if cesium atoms arrange them- 
selves on the face of a dodecahedral tungsten crystal so that there is one 
cesium atom for every four tungsten atoms, the surface lattice is identical 
in type and in spacing (within 2%) with that occurring in a similar face of 
a cesium crystal. Since the strongest forces exerted on the adatoms are 
those originating from the underlying tungsten atoms, we may therefore, 
with considerable confidence, take for 9 = 1 


0, = 3.563 x 10% atoms cm-* (63) 


for the true surface density of a complete monatomic cesium film on tung- 
sten. Comparing this with the apparent surface density 4.8 x 10 we 
conclude that the ratio of the true to the apparent surface is 1.347 as com- 
pared to 1.225 for the minimum value of this ratio calculated by Tonks. 

Taylor’s data show that the optimum electron emission occurs at 0 = 
0.67 corresponding to o = 2.4 x10". 

Simon and Vohsen’s data give 5.34 A as the shortest distance between 
the atoms in metallic cesium. A sphere of this diameter, having unit 
~~ * Langmuir and Kingdon, Phys. Rev. 34, 129 (1929). 

30 Langmuir and Kingdon, Proc. Roy. Soc. (London) A 107, 61 (1925). 

31 Langmuir, Phys. Rev. 22, 374 (1923). 

* Tonks, ibid. 38, 1030 (1931). 

* Simon and Vohsen, Z. physik. Chem. 133, 165-187 (1928). 
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positive charge, in contact with an ideal plane conducting surface, produces 
an external electric field equivalent to that of a dipole (without neighboring 
conductor) having a moment M = 25.4 x10-—8. 

If a conducting surface is covered with o such ions per unit area, each 
having a dipole moment M, the contact potential V, against a bare surface 
of the same material would be 


V, =: 2xMo (c.g.s.u.) = 1885 Mo volts (64) 
Placing o = 2.410" and M = 25.4x10" we obtain V, = 11.6 volts, 


which is 3.84 times the 3.01 volts observed for the surface of optimum 
emission. 

It is evident that the strong field (10® volts per cm.) in the double layer 
draws electrons from the tungsten to a plane which lies only 0.69 A below 
that of the centers of the adatoms. The actual dipole moment per atom in 
a film of optimum emission is thus only M = 6.1 x10-*. 

Assuming that M is independent of surface concentration Langmuir has 
calculated* that the logarithm of the electron emission of a metal partly 
covered by adatoms of an electropositive metal should be linear function 
of @. Becker? has determined the electron emission from monatomic 
barium films on tungsten at 1100°K. The curve of logy, (é/iy) against 0 
gives a maximum at @ = 1 of 11.3 while the initial slope is 25. We many 
interpret this as indicating that for low values of 9, M is 2.2 times as great 
as for a film giving the optimum emission. Becker implies that the curve 
for cesium on tungsten is closely similar. If we may thus use the factor 
2.2, we conclude that for very dilute cesium films M = 14.6 x 10-*, 
which is 0.57 of that which we estimated for cesium ions on an idealized 
plane conductor. The decrease in M as @ increases is to be attributed to 
the depolarizing effect of the field produced by the adatoms. 

Let us now calculate by the virial method the equation of state of ad- 
sorbed cesium atoms. Although the electric field produced by an ion on a 
conducting surface is the same as that of a dipole (without the presence of 
the conductor), the force acting between adions is not equal to that be- 
tween the two dipole, for we must consider only the force on the real ion 
and not that on its image. The force acting between two adions separated 
by the distance r, being half that between dipoles is thus 


f = (3/2)M4/r4 (65) 
and the potential energy in electron volts is 
Ve =(1/2)M%/r8 or V =3.14x10"-M?r5 volts (66) 


™ Langmuir, Phys. Rev. 22, 364 (1923). A fuller discussion is given by W. Schottky and 
H. Rothe, Handbuch Exptl. Physik, XIII, [2] 1928, pp. 160-167. 
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The effect of the repulsive forces between adatoms is to decrease the 
concentration of other atoms in the neighborhood of a given atom in accord 
with the Boltzmann equation 

o = o'e- Ver (67) 


where e/k has the value 11,600 degrees per volt. To form an estimate of 
the magnitude of this effect, let us imagine for simplicity that the ele- 
mentary spaces which can hold adatoms are arranged in an hexagonal lattice 
(honeycomb structure). With o, = 3.563 x 10% this gives r, = 5.69 A 
for the shortest distance between atoms. At this distance for M = 14.6 x 
10-18 we find by Eq. (66) that V = 0.365 volt and thus by Eq. (67) at T= 
800 the probability that one of the six available spaces adjacent to a given 
atom will be occupied is only 0.005 as great as that for the distant spaces. 
The next ring contains 12 spaces, half of which are at a distance 9.9 A and 
the other half at 11.8 A from the central atom. For these V = 0.069 and 
0.041 volt and the corresponding probabilities are 0.37 and 0.55. 

Since these nearest 18 spaces tend to be far less densely populated than 
an average space, the distribution of the atoms will be much more uniform 
than if there were no forces acting and will approximate to a regular lattice 
arrangement. Let us therefore at first calculate the virial term 2,(rf) in 
Eq. (62) on the assumption that the atoms are in an hexagonal lattice,** the 
shortest distance r, between them being given by 


1, = (4/3)"4o-¥2 = 5.69 x 10 °6/2cm (68) 
Using the value of f from Eq. (65) we see that 
DiC = GB/2)M*Z (ir) (69) 


By adding the values of 1/r* for the separate atoms in an hexagonal surface 
lattice, using an accurate empirical integration process for the more distant 
atoms, it was found that 


Di(1/r?) = 11.044/r3 (70) 
Combining Eqs. (61), (62), (69), (70) and (68) 
F = o,kT0/(1—@)+3.33805*M* (71) 


This gives the equation of state on the assumption that the adatoms are 
arranged in a plane hexagonal lattice. This should be a fairly good ap- 
proximation at higher values of @. The last term must quite accurately 
represent the virial contribution of all the adatoms which are at distances 
as great as 7, The atoms nearer than this must, however, often contribute 
materially to the virial. We may take these into account as follows. 
~~ Tt should be noted that this hypothetical lattice is not related to that of the underlying 
tungsten atoms, but varies continuously in lattice constant as @ changes. It expresses merely 
the fact that the repulsive forces are effective in establishing a far more uniform distribution 
than if the adatoms were in random positions. . 
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At distances much less than 7, the concentration is determined largely by 
the potential energy of the adatoms in accord with Eq. (67). 

The contribution to 2,(1/r*) furnished by the atoms that lie within a 
circular ring is thus 


Di(i/r’) = f "amr dr(1}r3)o4 exp.(—Ve/kT) (72) 


where r, and r, are the outer and inner radii of the ring, o, is the surface 
concentration of atoms at r =r, and Ve is the change in potential energy 
when an atom is moved from 7; to r. =e 
At distances greater than about 7,, given by Eq. (68), V remains constant 
because the forces from the separate atoms must on the average balance 
one another. If we choose a suitable value for 7,, somewhat less than r,, we 

may thus put in accord with Eq. (66). 
Ve/kT = (M?/2kT) (r-*—1;°) (73) 


For values of r greater than r, we may take V = 0 and may replace the 
actual discontinuous distribution of adatoms by an equivalent continuous 
distribution. Thus the contribution to 2,(1/r*) resulting from adatoms 
beyond r, is 


D/P) = i Qnr dr(1/r3) 0, = 2m09/r2 (74) 


Since we have already found that the contribution of the more distant 
atoms is given by Eq. (70), we may compare these two expressions to 
determine the appropriate value of 7,. Since o, may be identified with o, 
we thus find from Eqs. (70), (74) and (68) 

1, = 2nort/11.044 = (27/11.044) (4/3)*/40-42 =0.7059 0-8 (75) 

With this value of 7,, we can now derive an improved expression for F 
by merely adding to Eq. (71) a term 

F" = (3/8)oM?)), (1/r°) (76) 
in accord with Eqs. (62) and (69), the sum 2,(1/r*) being given by Eq. (72). 
To integrate Eq. (72) we may substitute 


u? = M/2kTr? (77) 
and obtain 
“2 F” = (32/4) (2kT)? M43 07I (78) 
F’ = 1.531x 10-5o? TUS M487 
where the integral J is 
I = exp. (u) f dx exp. (—x') (79) 
My 
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The values of u, and uw, are found by Eq. (77) from the corresponding 
values of r, and r,. The former is given by Eq. (75), while ry may be ob- 
tained from this same equation by replacing o by o,. Thus, after introduc- 
ing the numerical value of k, we have 


uy = 2.181 x 10°M2#8T-V3(g,)2 | 


and 
u, = 2.181 x 10° M23 T—3(¢,) "212 


(80) 


The spreading force F’ due to the long range forces between adatoms, as 
defined by Eq. (62), can be obtained by adding F’” from Eq. (78) to the 
last term of Eq. (71) giving 
F’ = 3.338 o%/?M?+4-1.531 x 10-$o? TM3 M43] (81) 
The complete equation of state of the adsorbed film is then given by 
Eq. (61) after inserting this expression for F’. 


Calculation of F’ from Experimental Data on v, 
Differentiation of Eq. (61) gives 
dF = 0,kT d@/(1— 0)?+dF’ (82) 


Taylor’s experiments have shown that for cesium films a = 1 and there- 
fore by Eq. (43) we may identify », with 4,. Thus integration of Eq. (54) 
gives 


jem sat (83) 
Introducing the value of d F from Eq. (82) and integrating 
Inv, = In[O/(1—6)]+1/(1—6)+(1/o,kT) f dF’/O (84) 
Taylor’s experimental data on », can be expressed in the form 
In [»,(1—9)/0]—1/(1—90) = A—B/T (85) 
where A and B are functions od @ only. The data give 
A = 61.04+4.80—2.46? (86) 


For values of @ up to 0.6 the values of B can be represented within the 
experimental error (about 0.3%) by the empirical equation 


B = 32,380/(1+0.7146) (87) 


Beyond © = 0.6 the experimental values of B gradually become somewhat 
larger than those given by Eq. (87), but this deviation is only 2% at O = 0.8 
and 4% at9=0.9. - 

By eliminating », from Eqs. (84) and (85) we obtain 


{ (/@) dF’ = o,kT(A—B/T) (88) 


Google 


Vapor Pressures, Evaporation, Condensation and Adsorption 175 


Differentiation with respect to @ and multiplication by @ gives 





dF’ d4 dB 
do ag 32 (89) 

By integration we obtain an expression for F’ 
F'= o,k[T f @(d4/46)40 — f @(4B/49) 46] (90) 


Inserting the values of A and B from Eqs. (86) and (87) and placing o,k = 
0.04884 in accord with Eq. (63), we get from Taylor’s data 


F’ = (0.11726*—0.078 65) T-+-2215[In(1+80)—66/1+8@)] (91) 


where f = 0.714, the coefficient in the denominator in Eq. (87). The 
integration constant was so chosen as to make F’=0 at 9=0. This 
expression gives that part of the spreading force (in dynes cm-!) which is 
due to the dipole repulsion of the cesium atoms. 

Values of F’ calculated by Eq. (91) for T = 800 are given in the third 
column of Table III. The second column gives the total spreading force F 
obtained from F by Eq. (61). 


Calculation of Dipole Moment M 


By equating the theoretical and the experimental expressions for F’, given 
by Eqs. (81) and (91), an equation is obtained which may be solved for M. 
By inserting the value of o, from Eq. (63), Eq. (81) may be written 


F’ + 8.00x°6"+- 1.943 x27"62] (92) 


where 


x = 102M" (93) 


The values of F’ for any particular values of @ and T are first calculated 
from Eq. (91) and these are inserted in Eq. (82). These cubic equations in x 
fmay be readily solved by Horner’s method. A difficulty arises from the 
act that the integral J, according to Eqs. (79) and (80), is itself a functiont 
of x. However, by a series of rapidly converging approximations, it is 
found possible without much labor to evaluate the integral with sufficient 
accuracy to get x to 3 or 4 significant figures. This procedure is facilitated 
by the fact that the term in Eq. (81) which contains J is small compared to 
the other term. (Ratio is 0.4 at 9 = 0.1, 0.18 at 6 = 0.3, 0.09 at 6 = 0.7.) 

The values of J and M obtained in this way are given in the fourth and 
fifth columns of Table III. The contact potential V of the cesium covered 
surface against a pure tungsten surface, as calculated from M by Eq. (64), 
is given in the sixth column. 
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Tape Il 


Cesium Films on Tungsten** 


Spreading force F, dipole moment M, contact potential V and depolarizing field E, all 
calculated from », at T= 800°K 
































1 2 3 4 5 6 7 

F, F, 10% M V, 10° E 
8 dynes cm=! | dynes cm7! I c.g.8. (e.8.) volts volt cm=* 
0.0 0 ‘0 0.893 16.16 0 1) 
0.1 10.35 6.01 0.315 13.01 0.874 10.4 
0.2 31.9 22.1 0.237 11.17 1.500 22.2 
0.3 62.6 45.9 0.200 9.94 2.003 34.6 
0.4 101.4 75.4 0.180 9.01 2.420 47.0 
0.5 148.2 109.1 0.163 8.28 2.780 59.2 
0.6 204.3 145.7 0.148 | 7.67 3.089 AA 
0.7 271.9 180.7 0.130 | 7.10 3.328 81.6 
0.8 366.9 210.6 0.102 | 6.54 3.515 90.4 
0.9 586.9 235.2 0.048 6.06 3.663 96.8 

Depolarizing Field 


Every adatom on the surface is acted on by the electric field produced 
by all the neighboring adatoms. A dipole of moment M on a surface, with 
its axis normal to the surface, produces a field of intensity Mr-* at a point 
on the surface whose distance from the dipole is r. Tozobtain the total field 
E acting on a given adatom we must sum the contributions of all neighboring 
adatoms 

E= M2,(r-) 
By eliminating f between Eqs. (62) and (65) we find that 


F' = (3/8)o0M?2, (r-) 
and therefore 
E = (8/30,)F’/@M = 2.245 x 10-4F'/@M volts cm-* (94) 
The last column in Table III contains values of E (in millions of volts 


cm=) calculated by this equation. The magnitude of these fields seems adequate 
to cause the marked decrease in M that occurs as @ increases. 


Electron Emission », 


Consider a plane tungsten surface part of which is bare while the rest is 
covered by an adsorbed film of cesium containing o atoms cm-*. Under equilib- 
rium conditions at temperature T the concentration of electrons over the 

%* The values of @ in the ist column refer to the cesium on the homogeneous part of the 


surface (see later section). These were obtained from the observed values Qop. by the equation 
8 = Oor5,—0.005. 
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surface is governed by the Boltzmann equation and therefore if there is no 
appreciable reflection of low velocity electrons from the surface we have 


rer = exp(Ve[RT) (95) 


where », and »,, are, respectively, the rates of evaporation of electrons from 
the cesium covered and from the bare tungsten surfaces, V being the con- 
tact difference of potential between these surfaces. . 
The electron emission from pure tungsten according to Dushman is 
given by 
I= 60.2 T*e/? amp. cm 


where b = 52,400 was obtained by experiments in the range of tempera- 
tures from 1400 to 2400°K. The coefficient 60.2 was calculated by the 
Sackur-Tetrode relation. At the time of Dushman’s derivation the elec- 
tron-spin was not known to exist. If this is taken into account*’ the coef- 
ficient should be 120.4. This change of coefficient requires a change of 
6 from 52,400 to 53,650 if the values of J and of dJ/dT are to keep their 
same values at T= 1800°K. At 1400 and at 2400° the values of J obtained 
by the new equation differ by less than 20% from those given by the original 
equation, although over this range of temperature the emission increases 
2x 10"-fold. These differences are probably within the experimental error. 
Since our pftesent interest lies in the range of temperature down to 600°, where 
the difference between the two equations amounts to a factor of about 4, 
it seems better to adopt the equation which is in accord with modern theory. 
The revised equation can be expressed 


%» = 4am (kTPh- exp (—V,,e/kT) (96) 
where V,,ek = 53,650 and V,,, the electron affinity of pure tungsten, has 
the value 

V,, = 4.622 volts (97) 


Within the range from 600 to 1000° the values of »,, from Eq. (96) are 
very closely given by 


In», = 63.44—55,250/T (98) 
Combining this with Eq. (95) we get 
In», = 63.44—e/kT (4.760—V) (99) 


By inserting the values of V from Table III for any particular value of 0 
(and T), the electron emission », can be calculated from data on »,. Since 
these values are derived on the assumption of equilibrium, they correspond 
to the electron emission at zero accelerating field. 


37 See Fowler’s Statistical Mechanics, University Press, Cambridge, England. 


32 Langmuir Memorial Volume IX 
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Positive Ion Emission », 

In an enclosure containing cesium vapor, under conditions of equilibrium, 
the law of mass action requires that the concentrations 2,, m, and n, of 
electrons, ions and atoms fulfil the condition 

K, = nn,/nq (100) 
Using the third law of thermodynamics, the equilibrium constant K,, is 
found®* to be 
_ @,0, (2nm,kT)?* = 
= See, La = exp (—Vit/kT) (101) 
where V,, the ionizing potential, is 
V, = 3.874 volts 


for cesium. The statistical weights w have the values #, = w, = 2 andw, = 1. 
The concentrations m are related to the corresponding » according to the 
kinetic theory by 


v = n(kT/2xm)!2 (102) 
We may thus place 
K, = »%¥,/¥, = 2nm(kT)*h-* exp (—V,e/kT) (103) 
Combining this equation with Eqs. (96) and (95) we get 
In (2»,) = In», +(¢/RT)(Ve—V,—V) (104) 


Using the values of V in Table III we see that the rate of ion evaporation 
v, (for zero accelerating field) can be calculated wholly from atom evapora- 
tion data. 


Comparison with Experiment 


The values of M and V in Table III have been calculated from the data 
on », given by Eq. (85) taking JT = 800°. The values obtained by similar 
calculations using T = 600 or T = 1000 are practically identical with those 
at 800° (within about 0.02 volt for V). This shows that the temperature 
coefficient of F’ is adequately represented by the last term in Eq. (92) which 
originates from the changing distribution of the adatoms in accord with the 
Boltzmann equation. At low temperatures the distribution is governed mainly 
by the repulsive forces which tend to bring about a regular lattice arrange- 
ment, but at high temperatures thermal movements cause some of the atoms 
to approach closer to one another than corresponds to this lattice. We see 
by Eq. (90) that the temperature coefficient of F’ is associated with a de- 
pendence of A on 9. 

The value of A from the experiments, as given by Eq. (86), is of the same 
order of magnitude as that given by Eq. (41) which we obtained from our 


** Fowler Statistical Mechanics 1929, p. 281. 
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general vapor pressure equations. Thus inserting T= 800 and M = 133 
in Eq. (41) and comparing with Eq. (85) (neglecting the terms containing 
1— 6) we find A = 65.8 in place of the values given by Eq. (86). This equation 
gives A = 65.8 at 6 = 0.66. 

In our derivation of Eqs. (40) and (41) 6 was assumed to be independent 
of temperature. The variation of the adatom distribution with temperature, 
due to the Boltzmann effect, must cause slight changes in the heat of eva- 
poration, at constant @, and corresponding changes in 5. This is indistin- 
guishable in its effect from a dependence of A upon @ and therefore in the 
present case with strong forces between the adatoms we should not expect A 
to be strictly constant. , 

In his experiments Taylor has determined », and »y, as functions of 7, 
© and the accelerating field. At high fields, such as are obtained with 40 to 
200 volts on the cylinder (field of 3000 to 15,000 volts cm™ at filament), the 
variation is approximately in accord with Schottky’s theory, but at lower 
fields the variation is far greater than given by this theory.®® By plotting 
the logarithms of », or », against the cylinder potential, a rapid change of 
slope (kink) occurs as the field changes from retarding to accelerating. The 
values of », at this kink are about one-half to one-seventh of those obtained 
with accelerating fields of 3000 volts cm~. These are presumably the values 
that correspond to the thermodynamic equilibrium implied in Eqs. (99) and 
(104). As a matter of fact, the experimentally determined values of », and », 
at the kink agree very satisfactorily with those calculated by these equations 
(from data on »,) up to values of @ = 0.5. The observed values of », for 
@ >0.5 fall below those calculated. A full report of Talyor’s experiments, 
soon to be published, will contain a more detailed comparison of the experi- 
mental and theoretical results. 

The agreement obtained seems sufficient to justify the belief that the 
foregoing analysis of the effects of dipole forces between adatoms on plane 
surfaces is substantially correct, except for very concentrated films. 


General Characteristics of Atom Evaporation from Cesium Films 


The observed variation of » with @ as expressed in Eqs. (85), (86) and (87) 
is very different from that of the adsorption isotherm of Eq. (2). The oc- 
currence of @ in the denominator of the B term in Eq. (85) causes an increase 
of » with © of the exponential type. 

This characteristic of the evaporation is illustrated in another way in Fig. 1 
which shows the rate of decrease in @ by evaporation when a filament is 
maintained at constant temperature in a space free from cesium vapor (bulb 
in liquid air). Within any narrow range in values of @ the rate of evaporation 


8* K. T. Compton and I. Langmuir, Rev. Modern Phys. 2, 123-242 (1930); see especially 
pp. 146-157. 
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», is approximately proportional to an exponential function of @ so that 
we can put 

v, = Ker 
where H varies only slowly with @. To construct a given curve, for ex- 
ample that for 700°, having a time scale covering one-half hour, we are 
interested only in values of », from 10' to 10 which occur for values of 0 
between 0.23 and 0.40. In this range H varies only from 34 to 30. 





02 
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Fic. 1. Evaporation of cesium films from tungsten at various temper- 
atures. The dotted line is an exponential curve. 


Since o,(d@/dt) = »,, we can calculate the time interval required to pass 
from 6, to @, by integration, treating H as constant in this range; thus 


pe Se non) (105) 
where », and ¥, are the values of », corresponding to @, and 0,. The four 


full-line curves in Fig. 1 have been prepared in this way. 
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The dotted line curve gives for comparison an ordinary exponential curve 
y = be, which corresponds to evaporation on the assumption that the rate 
is proportional to 9, i.e., that there are no repulsive forces between adatoms. 
A striking feature of the evaporation from cesium films on tungsten is the 
fact that @ decreases almost instantly from @ = 1 down to a certain value 
and then tends to approach a limiting value. Thus at 700°, 6 falls to 0.4 
in 10 sec, to 0.25 in 1080 sec, but would take 10.5 hours to fall to 0.15 
and 80 hours to reach 0.1. Similar effects are observable with oxygen films 
on tungsten and point to the presence of strong repulsive forces between 
adatoms. 


Homogeneity of the Tungsten Surface 


In this paper we have so far tacitly assumed that the tungsten surface is 
homogeneous in the sense that the life + of any adatom is independent of 
its position on the surface. The variation of t with @ has been taken to be 
evidence of forces between adatoms. 

In the author’s 1918 paper on adsorption® the second and third typical 
cases that were considered were based on the assumed presence of more 
than one kind of elementary space. The surface may be considered as divided 
into infinitesimal fractions df, each element having its own characteristic 
evaporation rate v, if saturated with adatoms. Thus », expressed as a function 
of B gives a ‘‘law of distribution” of the evaporation rate », over the surface. 
If there are no forces acting between adatoms, Eq. (2) can be applied to 
each element df and thus by integration it was found for the whole surface that 


1 
0 = 010 = [ (r1+05u) au dp (106) 
0 


The practical importance of active areas in determining the catalytic pro- 
perties of surfaces (even plane surfaces) was pointed out in a later paper.“ 
Within recent years many experimental and theoretical studies have been 
made of active spots, especially by H.S. Taylor and his collaborators. 

It is evident from Eq. (106) that by assuming a heterogeneous tungsten 
surface, that is, by properly choosing the function »,(8), any observed law 
of variation of », with 6, such as that expressed by Eqs. (85), (86) and (87), 
can be accounted for without the necessity of postulating forces between 
adatoms. However, in this case M would be zero and thus the electron emis- 
sion », would not vary with @. The fact that the observed values of y, and 
¥, agree with those calculated by Eqs. (99) and (104) from the values of 
M in Eq. (81) proves conclusively that the tungsten surface is essentially 
homogeneous. 

«* Langmuir, ¥. Am. Chem. Soc. 40, 1361 (1918), see particularly p. 1371. 

“1 Langmuir, Trans. Faraday Soc. 17, 607 (1921), see especially pp. 617 and 618. This paper 
was reprinted in Gen. Elec. Rev. 25, 445 (1922). 
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Active Spots on Tungsten Surface 


The foregoing conclusion is justified by Talyor’s experimental data on », 
for values of @ greater than about 0.05. In our first detailed analysis of the 
data obtained with still more dilute cesium films, it was found that the observ- 
ed values of v, were considerably less than those calculated by Eqs. (85), 
(86) and (87). Since the equation of state of the two-dimensional gas film 
should approach more nearly to the ideal gas law F = okT at low concentrations, 
it appeared to be impossible to account for these deviations on assumption 
that the tungsten surface was wholly homogeneous. 

It was found that this difficulty disappeared entirely if it was assumed 
that about 0.50% of the tungsten surface holds cesium so much more firmly 
than the rest, that this active surface becomes saturated before more than 
0.5% of the remaining surface is occupied. The total surface concentration 
may thus be divided into two parts 

o = 4, +0, = 04(8,+8,) (107) 
where the subscripts refer to the active and to the normal parts of the surface. 
Evidently when the active surface becomes saturated, so that 0, = 0.005, 
we may put 

6, = Pore. —0.005. (108) 


If », is calculated by Eqs. (85), (86) and (87), using 9, instead of 9,,,, 
the values are found tp agree with those found by Taylor’s experiments 
down to values of @,,,, a8 low as 0.01. The reason for the discrepancies that 
remain at still lower values of @ are then explainable as due to a lack of 
complete saturation on the active surface. In this way, by Eq. (107), subtract- 
ing the calculated values of 9, from 9,,,,, we can obtain 9, from experiments 
carried out with known values of T and uw. In an analysis of Taylor’s data 
(to be published) it will be shown that 

In [4(0.005 — 8,)/0,] = 65.8—44,440/T (109) 
expresses quite accurately the variation of @, with T and pu. 

The degree of saturation of the active surface, 6’ = 9,/0.005, thus ap- 
proaches unity as 4 increases or T decreases. Comparison of Eq. (109) with 
Eqs. (85), (86) and (87) shows that B is independent of 6’. The experiments 
show strikingly that the evaporation from the active surface resembles that 
illustrated by the dotted curve in Fig. 1 instead of the full line curves. 
A moderate increase of temperature causes practically all of the adatoms 
to evaporate from the active surface. 

This constancy of B proves that repulsive forces do not act between the 
adatoms on the active surface. This must mean that the active areas. consist 
of isolated elementary spaces, each capable of holding one adatom. It is 
probable that these active spots are located at points where the spacing of the 
tungsten atoms is abnormal and is particularly favorable for holding cesium 
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atoms. Such positions may occur close to grain boundaries where the tungsten 
lattice must be disturbed. The filaments in Taylor’s experiments had a very 
fine-grained crystalline structure which had been considerably etched by 
heating to 2800°K. 

It is probable that the extent of the active area can be made to vary by 
heat treatment of the filament, but that the properties of the normal part of 
the surface are uninfluenced by such treatment. 

If we solve Eq. (2) for », we find 

», = w(1—6)/8 (110) 
Since the rate of evaporation », for a saturated surface varies with tempera- 
ture in such a way that In », is a linear function of 1/T, we thus see that 
Eq. (109) is of a form that is directly derivable from Eq. (2). 

It seems probable that the cases in which Eq. (2) is applicable to ad- 
sorption on plane surfaces are those in which the elementary spaces avail- 
able for adsorption are isolated from one another. Only in such cases does 
it seem reasonable that the average life of adatoms shall be independent of 
@ and that the rate of condensation shall be proportional to 6,—0, where 
@, corresponds to saturation of these spaces. In general, therefore, when 
Eq. (2) applies we should expect 9, to be considerably less than unity. This 
was observed in the case of adsorption of gases on glass and mica. 


Effect of Oxygen 


The foregoing theories of the nature of cesium films on tungsten aid in 
understanding the effects observed when the tungsten is partly covered. by 
adsorbed oxygen before bringing into contact with cesium vapor. The oxygen 
decreases the rate of evaporation of cesium atoms so greatly that the filament 
can be heated about 250° higher before losing its cesium film. This is now 
explainable as the result of attractive forces between the negative dipoles 
of the oxygen adatoms and the positive cesium dipoles. The cesium atoms 
thus form clusters about every oxygen adatom and will also cover the oxygen 
atoms. The effect of the oxygen will also be to increase the dipole moment 
of the cesium adatoms. The presence of minute amounts of oxygen should 
manifest itself by producing active spots which can be investigated by the 
methods outlined above. 

It is our plan to investigate experimentally these effects of traces of oxygen. 


Summary 
The vapor pressures of liquids can be expressed (in baryes) by 
p = AT’ exp (—2/T) 
where A, y and 5 are constants. Trouton’s rule is equivalent to postulating 
that y = 0 and A = a universal constant. Vapor pressure data of ‘‘ International 
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Critical Tables” give log A = 10.65 with a standard deviation (S.D.) of 1.19. 
Hildebrand’s rule is equivalent to taking y= 1 and A is then a universal 
constant for which log A = 7.83 with S.D. = 0.52. A rule which agrees 
still better with the data is obtained by putting y = 1.5 and then it is found 
that log A,., = 6.37 with a S.D. = 0.22, which is less than half as great 
as that for Hildebrand’s rule. 

The vapor pressures of solids whose vapors have rigid molecules are also 
given by this equation with y = 1.5 and log A = 6.9. Much larger values 
of A are obtained for solids if the molecules possess internal degrees of freedom. 
The concept is advanced that such molecules in the vapor phase at higher 
temperatures may possess high internal mobility (as though liquid) while 
at lower temperatures they may become rigid (as though solid). Such effects 
probably do not exist with molecules of vapors of liquids. 

These vapor pressure equations may be applied to adsorption phenomena. 
The rate of evaporation of atoms or molecules from monatomic films on sur- 
faces is thus given by 


» = Ay.,(2nmk)-"“OT exp (—b/T). 


This is found to agree reasonably well with experimental data on thorium, 
oxygen and cesium films on tungsten. 

The conditions are discussed which lead to the formation of monatomic 
and of polyatomic adsorbed films. It is emphasized that the latter can occur 
on plane surfaces only under rather unusual conditions. 

In general adsorbed molecules on plane homogeneous surfaces are acted 
upon by strong forces originating from the underlying solid. The resulting 
polarization causes the adsorbed molecules to repel one another as dipoles, 
with forces varying in proportion to M%r-* where M is the dipole moment 
and r the distance. Attractive forces predominate only if two kinds of adsorbed 
molecules. are present which become polarized in opposite senses, as for 
example cesium and oxygen on tungsten (or salt-like substances on metals, 
such as mercurous sulfate on mercury). 

The equation of state of the two-dimensional gas constituting the adsorbed 
film is worked out for molecules which repel as dipoles by means of the Clausius 
virial. By use of Gibbs’ equation for the adsorption isotherm the rate of evap- 
oration » can be worked out in terms of 9, T and M. The equations are 
found to be of the form required by experimental data on cesium films on 
tungsten. Thus the experimental data furnish values of M as a function of 0. 

The Boltzmann equation and the Saha equation then permit the calcu- 
lation of the rates of evaporation of electrons (y,) and of ions (¥,) from 
M(@) and T, yielding results in agreement with experiment. The results 
indicate that the tungsten surface is essentially homogeneous except for 
about 0.5% of the surface which holds cesium atoms much more firmly than 
the rest. 
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ADSORB H, 


With Katuarine B. BLopGETT as co-author 
Journal of the American Chemical Society 
Vol. LIV, 3781 (1932). 


WE REPORT the following brief study, which we shall discontinue for the 
present, because of its bearing on the subject of ‘‘activated adsorption’. 

A lamp had two pure tungsten filaments and one filament of Elinvar 
wire which contained 35% ‘nickel and 12% chromium, the remainder being 
probably iron. The lamp was sealed to a vacuum system having liquid-air 
traps, and the Elinvar filament heated to a bright red heat in vacuum for 
fifteen minutes. The amount of metal thus evaporated was too small to be 
visible on the walls or to produce a change in resistance of the wire. Pure 
hydrogen was then admitted at a pressure of 0.250 mm and one of the 
tungsten filaments was lighted at 2700°K, at which temperature 3.5% of the 
hydrogen molecules which strike a tungsten surface are dissociated. The 
hydrogen disappeared at an exponential rate, decreasing from 210 cu. mm 
to 170 cu. mm in 6.5 minutes. ‘ 

The lamp was next evacuated and torched at about 450° for ten minutes, 
during which time water vapor given off by the glass walls presumably oxi- 
dized the metallic deposit. A second clean-up run then showed a much more 
rapid disappearance from 210 cu. mm to 35 cu. mm in 2.5 minutes, with log 
pressure varying linearly with time. The evaporation of a fresh film from 
the Elinvar wire, covering up previous films, always reduced the rate of clean- 
up to a low value, and subsequent torching of the tube restored the high 
value. In one run enough hydrogen disappeared in the film to form a layer 
20 atoms deep while the rate of clean-up remained undiminished. 

When the tungsten filament was turned off the pressure started imme- 
diately to rise. In one experiment 10% of the adsorbed hydrogen reappeared 
in ten minutes at 25°, and 90% in two minutes at 450°. Owing to this tendency 
of the gas to leave the film at a slow rate, the net rate of disappearance di- 
minished markedly as the pressure fell below 0.020 mm. If the lamp was 
cooled in liquid air, the clean-up stopped instantly, showing that the catalytic 
effect of the cold film caused recombination of all impinging atoms. If H was 
adsorbed at 25° and the lamp then cooled in liquid air, there was no escape 
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of hydrogen on turning off the filament. It is known that hydrogen evaporates 
as atoms from glass surfaces at 25° but recombines on cold glass, so it probably 
diffused as atoms to the deeper layers of our film at 25°. The film never showed 
any tendency to adsorbed molecular hydrogen. 

The recombination of atomic hydrogen at a tungsten surface is promoted 
by cooling the lamp in liquid air, due probably to the removal of water vapor. 
The H generated by a filament at 2700°K delivered 0.63 watt to a neigh- 
boring tungsten filament with the lamp at 25°, and 1.48 watts with the lamp 
in liquid air, although cold walls lower the concentration of H in the gas 
phase by catalyzing recombination. 
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AN EXTENSION OF THE PHASE RULE FOR ADSORPTION 
UNDER EQUILIBRIUM AND NON-EQUILIBRIUM 
CONDITIONS 


Journal of Chemical Physics 
Vol. I, No. 1, 3, January (1933). 


An adsorption field is defined as a homogeneous part of a solid or liquid surface on which ad- 
sorption can occur. In presence of adsorbable components each field contains one or more surface 
phases. Adsorption experiments have demonstrated that in many cases all the intrinsic properties 
of an isolated surface phase are variables characterized by C+1 degrees of freedom (F) where 
C is the number of components. If this surface phase postulate (S.P.P.) applies to each surface 
phase in a system, then, for a system in a state of complete equilibrium, F has the value Fy = C+S 
—P,—P,+2 where S, P, and P, are the numbers of fields, volume phases and surface phases, 
respectively. By considering the possible mechanisms, such as interphase mobility and vapor inter- 
change by which equilibrium may be attained, this phase rule is extended to states of partial equili- 
brium, for example, cases where the surface phases and the volume phases are at different tem- 
peratures. The effects of electric fields are considered. Non-equilibrium states, which may be 
divided into steady states and transient states are characterized by values of F greater than Fy. 
Experiments on transients by which F can be determined may thus serve to determine S when 
it is otherwise unknown. If the geometrical arrangement of the surface phases is known, such 
experiments serve to determine the surface diffusion coefficient D, or the phase boundary resistance 
to diffusion. The applicability of the S.P.P. depends on a certain degree of intraphase mobility 
of the adatoms, 


ADSORBED atoms or molecules! on the surface of a solid body tend to occupy 
definite positions (elementary spaces) which are determined by the crystal 
lattice of the solid or by the arrangement of its atoms if it is amorphous.* 

Although at any instant of time nearly all the adatoms occupy equilibrium 
positions within the elementary spaces, thermal agitation causes them from 
time to time to hop from one space to an unoccupied adjacent space. This 
results in a mobility of the adatoms which manifests itself as a surface diffusion 
if the surface concentration is not uniform. 

The finely divided or porous solids employed in most adsorption experi- 
ments usually contain many different types of elementary spaces so that the 
surface of the solid is to be regarded as heterogeneous. However, it must 
frequently happen that the adsorption actually observed takes place on only 
one of the several types of spaces present. Even with these heterogeneous 


1 We shall use the word adatom in this paper to denote both adsorbed atoms and molecules. 
® Langmuir, ¥. Am. Chem. Soc. 40, 1361-1403 (1918). 
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surfaces we may thus sometimes be justified in. regarding the surface as ho- 
mogeneous. 

The writer has long believed that compact surfaces of crystalline bodies, 
such as that of a well-aged tungsten filament, are to be regarded as essentially 
homogeneous surfaces in the sense that practically all the elementary spaces 
are alike. In some recent studies of the evaporation of atoms, ions and electrons 
from a tungsten filament in presence of caesium vapor in collaboration with 
Dr. J. B. Taylor, definite proof* has been obtained that such a tungsten surface 

‘is actually homogeneous except for the presence of isolated more active ele- 
mentary spaces which cover only 0.005 of the surface. 

The object of the present paper is to consider theoretically some of the 
fundamental properties of homogeneous surfaces and of heterogeneous sur- 
faces which contain a finite number of different kinds of elementary spaces. 
Reference to experimental data will be made only to illustrate some of the 
concepts advanced. Applications of these principles will be made in a paper 
with J. B. Taylor which will soon be submitted to the Physical Review. 


Definition of Adsorption Field 


In the study of heterogeneous equilibria by the methods of Gibbs, the term 
phase is used to designate homogeneous parts of a system without regard to 
quantity or form. In a somewhat similar way let us introduce the concept 
of field to distinguish homogeneous parts of a surface on which adsorption 
can occur, which differ in structure or composition without regard to the 
size or shape of the areas involved. A simple example of a two-field system 
would be a surface consisting of two types of crystal faces, which, because 
of the differences in the surface lattices of the atoms, possess different proper- 
ties. In general a single field consists of elementary spaces of only one kind. 

It should be emphasized that the term field is used to denote a certain 
aggregation of elementary spaces and does not depend in any way on the 
presence or absence of adatoms in these spaces. 

The surfaces of the tungsten filaments already referred to apparently contain 
two kinds of elementary spaces, normal and active. The active areas consist 
of isolated elementary spaces covering only 0.005 of the total surfaces, each 
active space being surrounded by normal spaces. In this case we may regard 
the surface as consisting of two fields, one continuous field (normal) and one 
disperse field (active). In some cases we shall see that we may be justified in 
applying the concept of field to a surface containing two or more kinds of 
elementary spaces if these are sufficiently uniformly dispersed over the surface 
and if the interchange of adatoms between the spaces (mobility) is sufficiently 
rapid to bring about equilibrium between them. 

We shall use the symbol S to denote the number of fields present in any 
system. 


3 I, Langmuir, ¥. Am. Chem. Soc. 54, 2798-2832 (1932) See especially p. 2829. 
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Surface Phases 


When a substance is adsorbed on a surface consisting of one or more fields, 
there will be within each field one or more surface phases. A surface phase 
may be defined as a homogeneous part of a system which extends over a surface 
field or over a part of a field which is separated from other parts by a boundary. 
In general, a surface phase consists of an incomplete monatomic film of adatoms; 
this, however, does not need to be assumed in the following discussion. 

In the classical treatment of heterogeneous equilibria the term phase is 
given significance only in systems which are in a state of complete equilibrium. 
Experiments on adsorption of Cs, Th, and oxygen on tungsten filaments 
have convinced the writer that in dealing with surfaces this concept of phase 
may be very profitably generalized to inchide non-equilibrium conditions. 

The essential element in the concept of phase is that the properties of each 
phase are characterized by a definite number of parameters or degrees of 
freedom. Experiments have shown that in a large number of cases the proper- 
ties of adsorbed films are characterized by a definite number of parameters 
even under non-equilibrium conditions. There are, of course, some cases 
(to be discussed later) where experiments show that under non-equilibrium 
conditions the number of degrees of freedom characterizing a single adsorbed 
film is greater than when this film is brought to equilibrium. In such cases 
the concept of surface phase cannot be applied. We are, however, justified 
in using the concept of phase whenever the adsorbed film conforms to the 
following postulate. 


Surface Phase Postulate 

All the instrinsic properties of a surface phase possess C+E-+1 degrees of 
freedom even under non-equilibrium conditions. Here C represents the number 
of components in the system in the same sense as is used in the phase rule. 
We must not count as components the substances needed to provide the fields; 
thus the tungsten on which adsorption occurs is not one of the components. 
The symbol £ is used to denote the degree of freedom corresponding to the 
application of an external electric force to the surface field. In the adsorption 
of such substances as Cs an electric field of a few thousand volts per cm 
causes very appreciable changes in the rates of evaporation of ions and 
electrons so that it seems desirable in many cases to include the electric force 
as one of the independent variables in the system. For a single surface 
phase exposed to an electric field we thus put E = 1, but if we do not permit 
the electric field to vary we may put E = 0, in accord with ordinary usage. 

In the above postulate, by degrees of freedom we mean the number of 
independent parameters needed to fix the properties of the phase. We may, 
for example, take the independent variables to be temperature T, the electric 
field, and the surface concentrations 0, 03, etc., corresponding to each of 
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C components (g = adatoms per cm*). When the values of these C+E+1 
variables are chosen, all other properties, such as contact potential, rates of 
evaporation of each component, surface spreading force f (two-dimensional 
analog of the pressure) etc., are fixed. 

It must be recognized that the validity of the surface phase postulate 
(hereafter referred to as S.P.P.) depends upon a certain amount of mobility 
of the adatoms, at least under nonequilibrium conditions. This may be illus- 
trated by the following model. Let us assume that under equilibrium conditions 
the adatoms are distributed uniformly among the elementary spaces in the 
field. By this we mean that not only is the probability that a given space is 
occupied, the same as that any other space is occupied, but also that the pro- 
bability that any space is occupied is not altered by the occupation of neighboring 
spaces. We shall call this the normal distribution. Such a distribution implies 
that there are no forces between adatoms except those needed to keep two 
adatoms from occupying the same space. We may imagine this normal distribu- 
tion to have been brought about by interchange with a vapor phase without 
the necessity of surface mobility. If the distribution is changed in any way 
from the normal, it will return exponentially to normal through the vapor 
phase at a rate characterized by a time of relaxation t,. It is obvious that the 
properties of the absorbed film in the final normal state depend only on o 
and T (assuming the surface field and the electric condition to have been given). 

Let us now consider non-equilibrium conditions, particularly during the 
building up of the film from o = 0 to its final value o,, by condensation 
from the vapor phase. If, by momentarily raising the pressure in the vapor 
phase, the rate of arrival of atoms on the surface is made so high that the 
surface concentration reaches o,, in a time very short compared to t,, there 
is no necessity of assuming that the normal distribution will have been 
reached when o = o,,. As long as only a small fraction of the surface is covered 
by adatoms, the incident atoms will have a random or normal distribution. 
But when a becomes so high that an appreciable fraction of the incident 
atoms strike adatoms, there will tend to be a clustering of adatoms on the 
surface. Let us assume, for example, that when an incident atom is follow- 
ing a path which would bring it to a space already occupied, it slides 
or hops to the nearest unoccupied space in the field.‘ If there is no surface 
mobility of adatoms already in elementary spaces, this mechanism of conden- 
sation results in a distribution in which the probability that a given space is 
occupied is increased by the occupancy of neighboring spaces, so that the 
distribution is not normal. Surface mobility, if present, would cause the distri- 
bution to return towards normal with a time of relaxation t,. In order to obtain 
the abnormal type of surface distribution it is thus only necessary that the time 
of condensation shall be small compared to both t, and t,. 


4 Evidence that this happens in the case of Cs and W will be presented in a forthcoming paper 
by J. B. Taylor and the writer. 
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If the conditions permit the distribution to be abnormal in this sense, we 
see that the properties of the adsorbed film should in general be dependent 
on other factors than o and 7, that is, should have more degrees of freedom 
than C+E-+1 and the S.P.P. would not be applicable. 

Thus the S.P.P. holds for transient conditions only if the duration of the 
transient states is large compared to t,, the relaxation time for surface mobi- 
lity. The S.P.P. is thus rigorously true only for equilibrium conditions, but 
experiments have shown that it is so frequently applicable with high accuracy 
that its use is justified. 

Before attempting to calculate the number of degrees of freedom of a system 
consisting of any number of surface and volume phases, let us consider 
a simpler system. 


An Example of Two Surface Phases in a Single Field 


When a tungsten filament is surrounded by a negatively charged cylinder 
in presence of a definite pressure of Cs vapor, there is a critical temperature 
at which the adsorbed film of Cs on the filament consists of two surface pha- 
ses.* In one of these phases (a2) the surface concentration is extremely 
low’ (6 ~ 0.001) and the Cs evaporates from it almost wholly as positive ions, 
while the other phase (8) is of much higher concentration (6~0.15) and Cs 
evaporates from it only as atoms. There is a relatively sharp boundary (0.05 cm 
wide at 1000°K) between the phases. 

Thus with a Cs pressure of 9.2 x10-4 baryes, corresponding to saturated 
Cs vapor at a bulb temperature 7 = 291°K, the rate of arrival « of Cs 
atoms on the surface is 1.24 x10 atoms cm-*. Under these conditions with 
a potential of —45 volts on the cylinder the two surface phases are in equi- 
librium when the filament temperature T, is 1027°. If the filament tempe- 
rature is raised above 7,, the boundary moves in such a way as to cause 
the disapperance of the ® phase. At any given temperature, T, more than 
a few degrees above or below 7), the boundary moves with a uniform velocity 
v which varies in proportion to T—T, so that v = 9.0x10-4(T—T,) cm 
sect, The critical temperature 7, at which v = 0 varies slightly with the 
strength of the accelerating field acting on the escaping ions; an increase in 
the field causes a lowering of 7. Changing the Cs pressure from 9.2 to 
16.3( x 10-4) baryes by raising the bulb temperature 4° increases 7, from 
1027° to 1052°. : ; 

It is clear that this system is one involving two volume phases (the solid 
Cs on the walls of the tube, and the vapor phase) and two surface phases (a 


* I. Langmuir and K. H. Kingdon, Science 57, 58-60 (1923). 

* I. Langmuir and J. B. Taylor, Phys. Rev. 40, 463 (1932). 

7 The covering fraction @ is defined as the ratio c/o, where 0, is the surface concentration of 
a complete monatomic film, 3.56 x 10 atoms cm-* for Cs on W. 
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and £). Of course the system is not in any sense in thermodynamic equili- 
brium for the volume phases and the surface phases are at different tempera- 
tures and the Cs atoms which go on to the filament as neutral atoms 
leave it partly as positive ions. Nevertheless the system conforms perfectly 
to the extension of the phase rule which we shall derive in the following pages. 

The system is one possessing 3 degrees of freedom (F = 3). For example, 
if we choose definite values for the bulb temperature T;, the filament tem- 
perature T and the electric field, the properties of both surface phases are 
fixed and even the velocity of movement of the boundary is fixed. Under 
these conditions the two surface phases can only coexist for a short time. If we 
impose the condition that the two surface phases shall coexist permanently, 
as though in equilibrium, we require that v = 0 and there are then only 2 
degrees of freedom. For a definite value of the electric field there remains 
only 1 degree of freedom; thus there is only one filament temperature 
for each bulb temperature (or Cs pressure). If the Cs vapor is not saturated 
at the bulb temperature, there is only one volume phase instead of two and 
there is then an additional degree of freedom: the bulb temperature and the 
Cs pressure are both independent variables. 

Let us analyze more closely how the coexistence of the two surface 
phases fixes F. Consider the system consisting of the vapor phase and the 
two surface phases in a single field. There is one component (Cs), or C = 1. 
Assuming that the accelerating field is fixed, the S.P.P. gives 2 degrees of 
freedom for each surface phase and since there are 2 degrees of freedom for 
the vapor phase there is a total of 6 degrees of freedom. We must now subtract 
the degrees of freedom defined by the system itself. 

The two surface phases must be at the same temperature: T, = 7;. The 
permanent coexistence of the two phases requires that the rate of supply of 
Cs to each phase from the vapor shall equal the rate of evaporation from that 
phase. Let », and », be the rates of evaporation of atoms and of ions (atoms 
or ions cm-* sec-) from a surface phase, then the total rate at which Cs 
atoms (nuclei) leave the surface is 


vy=%+%,. (1) 


To maintain a steady state the values of » for the two surface phases must 
both equal y, the rate of arrival from the vapor phase. Thus we have the two 
conditions », = 4 and » = p. 

These, with the conditions for temperature equality, T, = 7,, reduce 
F from 6 to 3. 

There is also a phase boundary condition which must be fulfilled if the two 
phases are to coexist. Between the phases there must be a boundary of finite 
width in which the surface concentration varies continuously from 0, to 03, 
the concentrations of the phases. The total rate of evaporation » in a definite 
accelerating field for ions is a function of o and T which rises from 0 at 6 =0 
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to a sharp maximum at about 6 = 0.01, falls to broad minimum at 6 = 0.08 
and then rises continuously. There are thus in general three values of 8 which 
fulfill the condition » = 4. The two extreme values 6, and 6, represent stable 
or at least metastable equilibrium, while the intermediate value 6, corresponds 
to unstable equilibrium. At points within the boundary transition where 6 
varies from 0, to 0, »>y so that Cs evaporates faster than it arrives from 
the vapor phase. In the region between 6, and 6,, on the other hand, the 
Cs condenses faster than it evaporates. For a steady state the excess Cs 
must migrate on the surface from the latter region to the former. 

If D, the surface diffusion coefficient, can be taken to be independent 
of 6, the laws of diffusion thus require that 


o—p = D(d*a/dx*) (2) 
where x is a distance measured in a direction perpendicular to the phase 
boundary. Multiplication of both sides of this equation by do and integration 
between the limits 0, and 6, gives the condition (since do/dt is zero at 0 = 6, 
and at 0 = 4,) 


f (v—y)d0 = 0. (3) 


This then is the required phase boundary condition. This reduces the number 
of degrees of freedom from 3 to 2 giving a result in accord with the experi- 
mental observations. 


Phase Rule for Equilibrium between P, Volume Phases and P, Surface 
Phases in S Fields 


Let us assume that the electric fields are either zero or have a definite value 
so that EF = 0. Each volume and surface phase, if isolated from the others, 
has C+1 degrees of freedom in accord with the S.P.P., giving for the P,+P, 
phases the total number of degrees of freedom 

Fy = (P,+P,)(C+1). (4) 

When the phases are brought together in a single system, we must subtract 
the degrees of freedom which are defined by the system itself. For true equi- 
librium the equilibrium conditions are of four types: 

(1) Temperature equilibrium : 

All P,+P, phases must have the same temperature. This gives P,+P,—1 

conditions. 
(2) Pressure equilibrium among the volume phases: P,—1 conditions 
(3) Spreading force (f) equilibrium between the surface phases in any one field 

There is no need for f to have the same value for surface phases in different 

fields since the boundaries of the fields can withstand differences of spreading 


13 Langmuir Memorial Volume IX 
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force. But two or more phases in any one field must all have the same value 
of f for true equilibrium. This requirement fixes P,—S conditions. 


(4) Concentration equilibrium 

According to Gibbs a true thermodynamic equilibrium requires that the 
chemical potential of each component shall be the same in all phases. This 
fixes (P,+P,—1) C conditions. 

If all four sets of equilibrium conditions are fulfilled we have a total of 
(P,+P,—1) (C+2)—S variables that are defined by the system. 

Subtracting these defined variables from the total Fy given by Eq. (4) 
leaves for F, the degrees of freedom for the whole system under equilibrium 
conditions 

F, = C+ S—P,—P,+2. (5) 


This reduces to the ordinary phase rule if we put S = P, = 0. 


Non-Equilibrium States 


Non-equilibrium states are of two kinds: steady states, in which the intrinsic 
properties of all phases and the relative amounts of the phases do not vary 
with time and transient states in which at least one of these variables changes 
with time. We shall attempt to consider only types of non-equilibrium states 
which are of practical importance in studies of adsorption phenomena. In gen- 
eral, we shall deal with systems in a state of partial equilibrium, for example, 
systems in which all the phases within a group of phases are substantially in 
equilibrium with one another although they may not be in equilibrium with 
other phases present. 

We shall confine ourselves to cases in which the S.P.P. applies to each 
surface phases and shall assume that a corresponding volume phase postulate 
holds for the volume phases. We have seen that this is equivalent to postulating 
that intraphase equilibrium (i.e., within each phase) exists at all times because 
of surface mobility. 

Let us now consider in turn the mechanisms of equilibrium attainment 
corresponding to the four types of equilibrium listed in the previous section. 
(1) Partial thermal equilibrium 

Temperature gradients in otherwise homogeneous solids or liquids are 
common enough, but sharp temperature discontinuities at the boundaries 
between phases are not ordinarily encountered. However, if the pressure in 
a vapor phase is so low that the mean free path of the molecules is large com- 
pared to the dimensions of a surface (for example, the diameter of a filament) 
in contact with it, it is possible to have the vapor phase at a temperature which 
is very different from that of the surface. Such conditions are highly advan- 
tageous for the study of adsorption phenomena’ since the rate of arrival of 


® I, Langmuir, ¥. Am. Chem. Soc. 37, 1139-1167 (1915). 
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atoms yu is then accurately known from the bulb temperature and the vapor 
pressure according to the equation 


= p(2axmkT)? = 2.652 x 10'°p (MT)-* molecules cm-* sec"1, _— (6) 


where M is the molecular weight. In general, therefore, we shall assume 
that the surface phases are all at one temperature T,, while the volume phases 
are at the temperature T,,. 


(2) Pressure equilibrium 

We shall assume that this equilibrium between the volume phases is always 
complete. 

(3) Partial spreading force equilibrium 

The equilization of spreading force f in different phases within one field 
may take place in 3 ways: 

(a) Interphase mobility by which adatoms cross the phase boundary. The 
rate of interchange may in general be limited by the rapidity of surface diffusion 
within the phase (in which case the S.P.P. cannot be strictly applicable) or 
by a phase boundary resistance, as if, for example, the adatoms had to pass 
from one surface phase to the other across the bounding line by a process 
analogous to evaporation or condensation. 

(6) Vapor interchange by evaporation into and condensation from the vapor 
phase. The mechanism of this process will be discussed in the following 
section. 

(c) Phase boundary displacement. Without migration of adatoms across 
phase boundaries and without vapor interchange, the surface concentration 
and therefore f may vary because of a change in the relative areas of the phases 
within a field. 

All three mechanisms, if undisturbed by other factors, must, of course, 
lead to identical equilibrium states, but the time of relaxation correspond- 
ing to the 3 mechanisms may be very different. 

In the case of the non-equilibrium states observed with Cs on W with an 
accelerating field for ions, the two phases are not in spreading force equilib- 
rium, but the coexistence of the two phases depends on a relation like that 
expressed by Eq. (3). During movement of the phase boundary the particular 
form of this equation becomes modified, but in its modified form it still acts 
to reduce the number of independent variables just as if we postulated spre- 
ading force equilibrium. 

A substitution of a phase boundary condition for a spreading force equality 
condition leaves the number of degrees of freedom unchanged. 


(4) Partial concentration equilibrium 
Again we have the 3 mechanisms of interphase mobility, vapor interchange 


and boundary displacement for the attainment of equilibrium. In this case 
we may, however, have partial equilibrium in the sense that equilibrium is 
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reached only in regard to certain components. Or, only certain of the phases 
may be in equilibrium with one another. 

For complete equilibrium we have seen that the chemical potentials for 
each component must be equal in all phases. But for phases which are not 
at the same temperature this condition is not applicable. It is also not applic- 
able to the a and # phases observed with accelerating fields for ions, 
since these two phases are not in true thermodynamic equilibrium. We may, 
however, still employ the chemical potentials to define equilibria among sur- 
face phases by the mechanisms of interphase mobility and boundary displacement 
since we have postulated that these surface phases are all at temperature T,. 

For the mechanism of equilibrium attainment by vapor interchange we 
may replace the rule of equality of chemical potentials by the following. 


Criterion for Concentration Equilibrium 
through Vapor Interchange 


Any surface place is in concentration equilibrium with the vapor phase if 


v= ap (7) 
holds for each component. 

Here a, the condensation coefficient, is a pure number which cannot exceed 
unity and in fact often equals unity. In any case, by the S.P.P. both a and » 
are intrinsic properties of the surface phase and as such possess C+1 degrees 
of freedom. We assume that there is only one vapor phase and that all the 
surface phases are in contact with it. There are then P,C conditions furnished 
by the criterion for concentration equilibrium, the same number as would 
be given by the chemical potentials. The mechanism of vapor interchange 
is thus capable of bringing the P, phases to a state of complete equilibrium 
with the vapor phase. 


Interphase Mobility 


This concentration equilibrium between surface phases may, however, 
also be brought about by mobility of adatoms. Consider, for example, three 
surface phases A, B, C, each of which is in contact with the two others while 
all three are in contact with the vapor phase V. Each line of contact between 
the surface phases provides a mechanism by which concentration equilibrium 
may be attained; there are then six mechanisms where only three are essential. 
Corresponding to each of the six contacts between phases, which can be 
represented by VA, VB, VC, AB, BC and CA, there is a relaxation time 
Tyas, Typ, ete. 

Suppose the concentration of one of the surface phases, say A, is altered 
so that the phase is not in equilibrium with the others in contact with it. The 
return to equilibrium occurs primarily through the three mechanisms VA, AB 
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and CA. If the three relaxation times ty,, T,, and t,, are very different from 
one another, the rate at which A returns to equilibrium depends on the fastest 
of the three processes; the other two may be entirely insignificant in their 
effect. : ; 

Consider a case where t,, is very small compared to the other five 71’s. 
Then A and B remain substantially in equilibrium with one another, even 
when they are not in equilibrium with V and C. In such cases we may 
say that the interphase mobility between A and B is complete while that between 
A and C is incomplete. Similarly we may describe the vapor interchange as 
being complete or incomplete. 


Degrees of Freedom in Non-Equilibrium States 


We have seen that for complete equilibrium the four sets of equilibrium 
conditions fix (P,+P,—1) (C+2)—S variables leaving F, degrees of freedom 
.as given by Eq. (5). For partial equilibrium a definite number, say AF, of the 
foregoing equilibrium conditions are not fulfilled. This gives then for F, the 
number of degrees of freedom of the entire system, the value 


F= F,+AF. (8) 


If the system is a closed system, it will ultimately reach a state of true equili- 
brium, although, of course, the rate of approach to this state may be very slow. 
Thus the AF additional degrees of freedom cause transient phenomena to 
occur in any closed or isolated system. The transient states may be said to be 
characterized by AF degrees of freedom. 

If AF > 0 the system can be maintained in a steady state only by providing 
it with AF independent steady power sources and the system is then no 
longer a closed system. 

If, after having maintained the system in a steady state by these AF sources, 
we cut off some of these sources so that only W power sources remain, the 
transient states that then occur are characterized by AF—W degrees of freedom 
provided that AF is unchanged by cutting off the energy supply. 


Effects of Electric Fields 


If the surface phases are all exposed to the same variable electric field, 
we must increase Fy as given by Eq. (5) by one unit. However, with true 
equilibrium we can have a homogeneous vapor phase in presence of an electric 
field only if no charged particles are present, that is, only if the surface phases 
emit neither electrons nor ions. If such particles are emitted, we have as a 
fifth condition for equilibrium the absence of electric field. Whenever an 
electric field produces a flow of current from a surface, the effect of the 
field is to increase AF by one unit. 
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A steady electric field with surfaces that emit ions or electrons requires 
a source of electric power. We can have electric fields in an isolated system 
only if the system includes a device, such as a charged condenser, which can 
store electrical energy. In such a closed system, the additional degree of freedom 
corresponding to the field appears as an extra degree of freedom characterizing 
the transients, for example, the electric field will vary with time. 

Let us now illustrate the applications of Eqs. (5) and (8) by examples chosen 
from the experiments with tungsten filaments in presence of Cs vapor. 


Case I. Steady States in Atom Evaporation 

A tungsten filament is maintained at a temperature T, (400° to 1200°K) 
in a bulb containing metalic Cs at a temperature J, (240° to 270°K). After 
a steady state has been reached (1-30 minutes) the fraction 6 of the surface 
of the filament covered by a monatomic layer of Cs atoms is determined.* 
The experiments have shown that for any given values of 7, and T,, 6 always 
has the same value, that is, 6 is a function of JT, and 7, only. The system 
is thus one which possesses 2 degrees of freedom or F = 2. 

The experimental data are ordinarily used to derive an expression giving 
“ as a function of @ and T. It is, of course, permissible to use any two 
variables characteristic of the system as independent variables and to take 
any other variable as dependent variable. All the properties of the surface 
phase such as »,, ¥,, », (evaporation rates of atoms, ions or electrons) are 
thus expressible as functions of § and T in accord with the S.P.P. 

The system is of one component (Cs) and contains two volume phases 
(vapor and metalic Cs), one surface field and one surface phase. Putting C = 1, 
P, = 2, S=1 and P,=1 in Eq. (5) we find F,=1 for a state of true 
equilibrium. We have, however, only partial eqiulibrium since T, 4 T,; 
the other equilibrium conditions for pressure and concentration are fulfilled. 
Therefore we have AF = 1 and by Eq. (8) F = 2 in agreement with the 
experimental observations. 

To maintain the filament at the temperature 7, we must supply heat to the 
filament (electric power) at a steady rate. This one source of power cor- 
responds to AF = 1. If we stop the current flow to the filament, the transient 
states that then occur are characterized by one degree of freedom provided 
that AF is still unity. This will be the case if during the cooling of the filament, 
the vapor interchange is complete so that the concentration equilibrium con- 
dition continues to be fulfilled. With small filaments, however, the rate of 
cooling will usually be so rapid that concentration equilibrium between the 
vapor and the surface phase will not be maintained (i.e., vapor interchange 
is incomplete) so that an additional degree of freedom is introduced. The 
transients would then be characterized by two degrees of freedom. With only 
one degree of freedom any property of the filament is given as a function of 


* I. Langmuir, 7. Am. Chem. Soc. $4, 1252 (1932). 


Google 


Phase Rule for Adsorption Under Equilibrium and Non-equilibrium Conditions 199 


time by a single curve; differences in initial temperature correspond merely 
to a displacement of the curve parallel to the time axis. With two degrees 
of freedom a family of curves would be needed to represent these transients 
and these could not be made to coincide by a mere displacement along the 
time axis. 

Case II. Steady States in Ion and Electron Evaporation 


A potential difference V is applied between the filament and the bulb, the 
surface of which is made conducting by a film of platinum. Since the filament 
is capablé of emitting either electrons or ions, the condition for true equilibrium 
if only one surface phase is present requires that V = 0 and thus, as in case I, 
F, = 1. On the other hand, with partial equilibrium, because of the electric 
field we find AF = 2 so that F = 3. 

Experimentally we find, in fact, three degrees of freedom for this system, 
The bulb and filament temperatures and the voltage V may be given any 
values, but then the rate of evaporation of ions or electrons is fixed. Actually 
the effect of increasing the field is to increase even the ‘‘saturation” currents 
of ions or electrons very considerably. 

When two surface phases appear, F is reduced from 3 to 2 so that, as inde- 
pendent variables we may have 7, and V; T, can be considered to be the 
dependent variable. 


Case III. Transients in Atom Evaporation 

If the filament temperature is suddenly changed, 6, and all other properties 
of the surface phase, change with time until finally a new stationary state is 
asymptotically reached. During this transition there are two equilibrium 
“conditions” that are not fulfilled: vz, there is neither thermal nor concen- 
tration equilibrium. Thus AF = 2 and F = 3. If the filament temperature 
is maintained by the proper energy supply, the transients are characterized 
by one degree of freedom. The experimental data agree with this conclusion, 
thus indicating that the S.P.P. is fulfilled even during these transient states. 


Degenerate Surface Phases 


Consider a system which contains S fields each containing one surface 
phase so that P, = S. Then by Eq. (5) 


F, = C—P, +2. (9) 


Experiments with systems in states of complete equilibrium can be used 
to determine F,, but since S and P, are not contained in Eq. (9), this cannot 
be used to obtain information regarding the number of surface phases. 

It may often be possible, however, from experimental studies of non-equi- 
librium states to get data from which S may be found. For example, suppose 
that no two of the S surface phases are in concentration equilibrium with one 
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another and only one surface phase is in equilibrium with the vapor phase. 
Then (S—1)C conditions, which would be required for concentration equi- 
librium, are not fulfilled. We may also assume that T, + T,. Thus we have 
AF = C(S—1)+1 and by Eqs. (8) and (9), F = CS—P, +3. 

An experimental determination of F thus furnishes knowledge of S. 

Since complete interphase mobility between any two phases decreases 
F by C units, its effect on F is the same as if one surface phase disappeared. 
We thus have the theorem: 

Two phases at the same temperature which are maintained in concentration equilibrium by 
interphase mobility behave as a single phase in determining the number of degrees of freedom 
of any system of which they form a part. 

A corollary of this theorem derivable from Eq. (7) is: 


The values of v/a (for each component) are the same for two surface phases at the same tem- 
perature if these phases are in concentration equilibrium through interphase mobility. 


The Degree of Surface Mobility Needed to Maintain Equilibrium 
between Surface Phases 


Consider two surface phases which are in concentration equilibrium with 
one another but are not in equilibrium with the vapor phase; that is, the 
value of »/a, which is the same for both phases, is not equal to 4. In general, 
the maintenance of concentration equilibrium between the phases then requires 
a flux of adatoms across the phase boundaries, but this must occur without 
any appreciable concentration gradient. 

Let us consider, for example, the transient states that occur if the concen- 
tration of a vapor phase, which was previously in equilibrium with two surface 
phases, is suddenly reduced to zero so that « = 0. The differential equation 
for the diffusion of the adatoms in each surface phases is then 


00/dt +» = D(0?o/dx* +-0%a/dy*), (10) 
where D is the surface diffusion coefficient. For simplicity in illustrating the 
applications of this equation, consider the one dimensional problem arising 
if one of the phases consists of strips of width b. Let us neglect the term da/dt. 


The drop in concentration between the center of the strip and the phase 
boundary forming the edges of the strip is then 


Ao = vb#/(8D). (11) 


The condition for concentration equilibrium is that Ao shall be negligibly 
small compared to o or 


vb® < 8Do. (12) 


With any given value of D we see that the equilibrium between surface 
phases is maintained most readily when the size of the areas occupied by the 
phase is small. 
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An equivalent statement of the criterion for surface phase equilibrium 
is that the time of relaxation corresponding to interphase mobility shall be 
negligible compared to that for vapor interchange. 

The experiments with Cs films on W have shown, by different methods 
from those here described, that the average life of Cs adatoms on certain 
active areas, which cover only 0.005 of the surface, is about 4000 times (at 
1000°K) longer than it is for adatoms on the normal part of the surface. We thus 
conclude that there are two surface fields and two surface phases. 

If there were no surface mobility, it is clear that during the building up 
of a surface film by slow condensation from the vapor phase, the surface con- 
centration o, and o, in the two phases would remain equal until evaporation 
causes them to approach equilibrium. On the other hand, if a composite film 
having the same total Gs content were formed by evaporation from a film which 
had previously reached equilibrium with a more concentrated vapor, the value 
of o, corresponding to the disperse phase would be far higher than that for 
the continuous phase because of the longer life of the adatoms in the active 
areas. 

Thus the rate of evaporation from the composite surface would depend 
not only on T, but on o, and go, and so involves three degrees of freedom. 

A degree of mobility, however, sufficient to maintain equilibrium between 
the two phases imposes a definite relation between o, and o, at any given 
temperature and thus reduces F to 2. 

Experiments on transients!° were carried out with very low surface concen- 
trations when about half of the total Cs content of the surface was in the 
disperse or active phase. The results showed unmistakably only two degrees 
of freedom. From the data thus obtained (taking D = 1.4 x10-¢ cm* sec.* 
at 970°K given by other experiments) it can therefore be concluded from Eq. 
(12) that 5<0.06 cm. This means that the distances which adatoms must 
move within the areas covered by the normal phase before reaching the active 
spots are on the average not greater than about 0.03 cm. Other evidence 
has already indicated that the disperse phase consists of areas of approxi- 
mately atomic dimensions probably located along crystal boundaries. Since 
microscopic examination showed the size of the tungsten crystals to be 
approximately 0.C01 cm, it is not surprising that the two phases behave as 
a single phase during these transient states. 


Conditions which Determine Whether One 
or Two Surface Phases Exist in a Field 


In general, for each component and for each phase we may express ¥ as 
a function of @ and T. Usually » increases continuously so that @ is a single 
valued function of 6. It may happen, however, that » has a maximum value 


1° To be published in The Physical Review. 
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at some value of 6 and a minimum at some higher value with a point of 
inflection between the two. In such cases two phases may appear. The condi- 
tions necessary for the instability of a single phase which leads to the appear- 
ance of two phases may be obtained as follows: 

Consider that a surface phase is in concentration equilibrium with a vapor 
phase so that » = au. This equilibrium may be stable or unstable. Suppose 
we produce a small variation 6 in the value of o from its equilibrium value oo. 
Then the differential equation to be satisfied is 

06/dt +6 (dv/d0) = D(d?6/dx* x 0°4/dy"). 
A particular one-dimensional solution of this equation is 6 = 6) sin (27x/b)e”, 
where 
y = —0v/d0—4(x?/b*)D. 

If y is negative, the disturbance 6 tends to die down so that the equilibrium 
is stable, but for y > 0 the equilibrium is unstable since 4 increases with time. 
The condition for the development of two phases is thus 42*(D/b*) < —dv/de. 

Thus it is not merely necessary that 4»/éo shall have a negative value in 
order to have phase instability, but D/b* must be small. 

It is intended in further experiments with tungsten filaments in 2-component 
systems (Cs and oxygen) to produce surface fields on opposite sides of a fila- 
ment and thus by observations of transient states obtain measurements of D 
and of the properties of the two surface phases. 

The principles outlined in the preceding pages are applicable in many 
cases to adsorbed films ot the surface of liquids. Oil films on water are familiar 
examples of systems that may exhibit two or more surface phases. Experiments 
show cases in which the S.P.P. is fulfilled. In other cases marked hysteresis 
effects are observed of a kind which indicate that the S.P.P. does not apply, 
so that our extended form of the phase rule cannot be used. 
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Introduction 


LONG RECOGNIZED as one of the most versatile and original physical scientists 
of our century, Irving Langmuir worked enthusiastically and productively 
in the fields of chemistry and physics. Because his ideas and findings were 
so timely, so well expounded, and supported so brilliantly by a wealth of well- 
chosen experiments, they were rapidly accepted, applied, and taught. For 
these very reasons, it is not easy for this generation to appreciate fully what 
a stimulating and creative influence he had on his contemporaries. 
Langmuir’s investigations on monomolecular films and their properties 
were made between the onset of World Wars I and II. These papers all bear 
evidence of his imaginative and characteristically direct approach on research 
problems, as well as his ability to focus his efforts on one problem to go quickly 
to its core. Again and again one notes Langmuir’s skill in computing the mag- 
nitudes of pertinent variables in appraising an idea or in planning an experiment. 
Some of his simple experiments to establish properties of monolayers and 
surfaces do not lose with age their original, conclusive, and at times entertaining 
appeal to even the most sophisticated reader. Many examples of masterful 
scientific exposition are to be found in this collection of research papers. 
Certainly, they comprise the best single source of information as well as in- 
spiration to the student and investigator of surfaces and adsorbed films. 


Localized Forces in Adsorption 


Early theoretical investigations by Laplace, Gauss, Poisson, and many 
others had approached the problem of relating surface forces, surface tension, 
the internal forces causing cohesion, the equilibrium figure of liquids, and the 
volume distribution of material. In each case, it was assumed that liquids are 
continuous media and that each volume element is attracted to its neighbors 
by central forces acting as some function of the intervening distance. These 
approaches led to integrals relating the surface tension and internal pressure 
of the liquid to the density, its gradient, and the parameters defining the field 
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of cohesive force. Unfortunately, lack of knowledge of this field made integra- 
tion impossible. Perhaps, the best known and most useful result of this early 
work was the Laplace differential equation, sometimes called the general 
equation of capillarity, which expresses the conditions for the equilibrium 
configuration of the free surface of any homogeneous liquid. This equation 
was later derived thermodynamically by Lord Kelvin. Numerous investigators 
have solved the Laplace equation to obtain the equilibrium shape assumed 
under various boundary conditions, and the results have been the basis for 
nearly all of the methods used to measure the surface tension of a liquid. This 
classic background to the study of surfaces is especially well covered by Bakker. 

As the discontinuous molecular nature of liquids became firmly established, 
these early integral relations were recast appropriately; however, since they 
still demanded a more precise knowledge of the intermolecular field of force 
closer up to each atom than was available, meager progress resulted. With 
the modern development of wave mechanics and its application to describe 
intermolecular fields of force, the problem of calculating the interaction between 
molecules in close proximity met with increasing success when the molecules 
involved were gases having simple structures. The present status of such 
investigations and their extension to the liquid state has been reviewed by 
Hirschfelder, Curtis, and Bird.2, However, the mathematical difficulties of 
calculating the intermolecular cohesive forces between neighboring organic 
molecules in liquids are as yet too formidable to furnish much guidance about 
the constitutional aspects of liquid surface tension and the adsorptive properties 
of liquids. 

In his classic paper ‘‘The Constitution and Fundamental Properties of 
Solids and Liquids. Part I. Solids’ Langmuir stated that various approximate 
calculations had convinced him that the attractive field of force emanating 
from a solid or liquid is negligible only a few Angstroms away from the surface. 
The theoretical difficulties in describing such surface fields being well known, 
he sought some other approach. In his earlier pioneering research on the ad- 
sorption of gases on solids in high vacuum conditions, he had found good 
evidence that the major changes in surface properties of solids had occurred 
after the adsorption of a monolayer. Undoubtedly, this was a new clue about 
the nature of surface fields of force and of adsorption. 

Langmuir appears to have been the first to reason from the early X-ray 
findings about the structure of solids and liquids that the forces causing ad- 
sorption originated from the uncompensated electrical field emanating from 
the atoms in the surface. He became convinced that usually this adsorptive 
field of force was the residual electrical field of the valence electrons belonging 
to the surface atoms quite like the situation in hydrated compounds in which 
the water molecules are bound by secondary valences. He pointed out that 
the field of force giving rise to secondary valences in a compound was well 
known to chemists to be so localized that for reaction the contact of atoms 
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was necessary. From such considerations he concluded: (i) such short-range 
force fields are responsible for nearly all types of adsorption, and (ii) a solid 
or a liquid surface should have its adsorbing properties completely altered 
when covered by one layer of foreign atoms or molecules. 


Necessity for Oriented Adsorption 

Since the short-range action of surface forces necessitated that each adsorbed 
molecule should be in contact with the most reactive spot or functional group 
of atoms in an asymmetric molecule, Langmuir reasoned that at equilibrium 
there usually exists a preferred orientation in the molecules comprising the 
adsorbed monomolecular layer. Here he reconciled the organic chemists’ 
concept of the spacial distribution of atoms and functional groups in a com- 
pound with the new requirement of contact before adsorption. In supporting 
this view he later‘ employed the Boltzmann equation of statistical mechanics 
to show that for the surface energy of the system to be a minimum under 
equilibrium conditions, the orientation of adsorbed molecules had to be such 
as to make the outermost portion of the molecule that having the weakest 
residual valence field of force. 

Although it was not then known to Langmuir, Sir William Hardy® had 
only recently pointed out that if the stray field from a molecule were asym- 
metric, the surface layer of a solid would necessarily differ from that of an 
interior layer in the orientation of the axis of the molecular field with respect 
to the surface, and so a skin of oriented molecules would be formed. Because 
Hardy then believed that the intermolecular cohesive forces in solids and 
liquids were long-range forces, he had concluded that the molecular orienta- 
tion extended many molecules deep. The resulting theoretical difficulties 
in treating the postulated system had prevented him from carrying much 
further this concept of orientation in surface molecules. 

Langmuir’s assumption that the forces between molecules and the ad- 
sorbing surface come into play only at the area of contact made predicting 
surface interaction much simpler than trying to compute quantities of interest 
through the precise knowledge of the central field of force between molecules. 
Therefore, he had gained the important advantage that he could apply to 
the description of adsorptive behavior a large body of existing knowledge 
about the spacial arrangement, functionality, and coordinating ability of even 
complex organic molecules. In short, he had discovered a convenient approxi- 
mate method for investigating the constitutional aspects of adsorption. 


Principle of Independent Surface Action 


In the course of applying these concepts of localized surface action, Lang- 
muir soon recognized that the adsorptive properties of the surface were deter- 
mined essentially by the nature and packing of the atoms or groups of atoms 
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in the surface of a solid or liquid, and he referred to this concept frequently 
in his papers as ‘‘the Principle of Independent Surface Action”. This principle 
proved useful in guiding his early investigations. Many years later, because 
he realized its theoretical foundation might receive firmer support through 
use of the more recent scientific developments, he gave it an interesting although 
limited justification. Considering the effect of chlorine substitution on the 
dissociation constants of the lower fatty acids,* he concluded that so long as 
substitution occurred at least two carbon atoms away from the carboxylic 
acid terminal, the effect on acid strength was negligible. In other words, the 
field of force around the carboxyl group in the fatty acid was independent of 
the length of the hydrocarbon chain provided that it was more than two carbon 
atoms long. Therefore, he concluded this was a good justification for attribut- 
ing definite properties to different portions of the surface of aliphatic 
molecules. 

Coupling these new hypotheses and ideas with the elegant and basic thermo- 
dynamic treatment of surface phases developed earlier by J. Willard Gibbs,’ 
Langmuir proceeded to prove with characteristic concentration and enthusiasm 
the correctness of his ideas; in so doing he laid a firm foundation to the subject 
of the chemistry and physics of surfaces and adsorbed monolayers. 


Moledolar Orientation in Pure Liquids 


Reasoning that the molecules of an organic liquid must arrange them- 
selves on the surface so that the active portion is directed inwards and the 
least active portion outwards, Langmuir argued® that the total free surface 
energy of the liquid (y) = y— Téy/dT) would depend on the nature of the least 
active portion of the molecule as well as on the molecular packing. Since the 
surface of the normal paraffin liquids should be comprised mainly of the methyl 
terminals of the paraffin chains, the value of y) should be the same for each. 
Langmuir showed this is true, y) being around 46 to 48 ergs/cm*. A primary 
aliphatic alcohol should have the hydroxyl groups buried in the liquid and 
the methyl terminals outermost, hence y, should be close to the value for 
the paraffins, and this he also verified. An interesting discussion was also 
given of the effect on y, of varying the position of substitution of one or more 
hydroxyl groups on the benzene molecule, and it was shown that the changes 
were in complete accord with what would be expected from changes in the 
tilt of the aromatic ring of the adsorbed molecule. 

The same general conclusion about the relation of y, to the molecular 
orientation in the surface of an organic liquid as well as new supporting data 
were published shortly afterwards by W. D. Harkins® as the result of inde- 
pendent research. The generally corroborative results of this and later in- 
vestigations by Harkins did much to establish the vadility and generality of 
the concept of orientation in the surface layer. 
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Adsorption of Polar Organic Molecules on Water 


Prior to 1916 the literature contained a diversity of observations on the 
spreading of oils and organic liquids on the surface of water. Fraulein Agnes 
Pockels® had found an ingenious method of sweeping clean the surface of 
water in a trough, and with it she had shown that a minute amount of olive 
oil spread rapidly on the surface until it seemed to disappear without affecting 
the surface tension. Only after a well-defined total amount of oil had been 
added, did the surface tension suddenly begin to decrease. Lord Rayleigh” 
after repeating her experiments concluded that the first decrease in surface 
tension was the result of the formation of a layer 10 A thick, which he believed 
corresponded to the diameter of one molecule of olive oil. Henri Devaux"* had 
published numerous papers describing simple though elegant experiments 
in which he ingeniously used floating particles of talc, sulphur, or lycopodium 
to observe the spreading of oils, egg albumen, and other materials upon the 
clean surface of water and mercury. He discovered that each oil spread re- 
producibly to a maximum area, and he was the first to employ solutions in 
benzene in order to spread solid compounds. Devaux concluded that mono- 
layers existed in solid, liquid, and gaseous states. Like Rayleigh he used the 
thickness of each film as a measure of the diameter of the molecule. Marcel- 
lin® had extensively investigated films of camphor, oils, and oleic acid on 
water and the equilibrium between the film and a floating drop. He also con- 
cluded that a monomolecular film could be compressed into a film two molecules 
thick which could be maintained in equilibrium with a floating drop of oleic 
acid. Devaux soon afterwards had pointed out that the compressed film was 
probably not two molecules thick; on compression the molecules of oleic 
acid had been packed much more closely than before while still preserving 
their monomolecular films. All of this early and valuable research did much 
to illuminate and guide Langmuir’s investigations of monomolecular films 
spread on water. 

In 1916 and 1917 there appeared Langmuir’s first three contributions to 
this subject. 16 In ‘*The Constitution and Fundamental Properties of 
Solids and Liquids. II. Liquids”* Langmuir described the experiments he 
had performed with the higher homologous fatty acids, alcohols, esters, and 
triglycerides in order to demonstrate their oriented adsorption as insoluble 
monomolecular films on water. In the first experiments he employed Mar- 
cellin’s talc technique to delineate the extent of spreading of each compound. 
From the maximum area of spreading and the amount of material spread, 
he computed the cross sectional area and also the height of each adsorbed 
molecule. These simple measurements were used to demonstrate the mono- 
molecular. nature of the films of these compounds and to establish beyond 
doubt the asymmetric structure and highly oriented nature of the adsorbed 
molecules. Also, he found good evidence of the flexibility of the aliphatic 
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chains in these polar compounds and showed that when the molecules were 
adsorbed in close-packed configurations the vertical distance between suc- 
cessive aliphatic carbon atoms was between 1.2 and 1.5 A. The cause of spread- 
ing, he pointed out, was the solubility or high attraction of the hydrophilic 
group of the molecule for the water and the insolubility or low attraction of 
the hydrocarbon chain or hydrophobic ‘“‘tail’”’. 

Following this, he remarked that ‘‘In carrying out measurements of the 
area covered by Devaux’s method, one is struck by the magnitude of the forces 
acting on the paper strips. If the paper strips are not very firmly attached 
to the edges of the tray, they may be pushed out of position with a drop of 
oleic acid placed on the water. It occurred to the writer that a very satisfactory 
method of measuring the forces could be developed by a horizontal balance 
arranged to weigh the force acting on one of these paper strips. This method 
not only avoids the difficulties in connection with contact angles and solid- 
films, but has the marked advantage that it affords a higher sensitive and 
accurate differential method of measuring slight changes in the surface 
tension.” And in this way, one of the simplest and most remarkable 
instruments for the study monomolecular films and molecular structure was 
created. 

In the same paper, after describing suitable techniques for using the new 
film balance, Langmuir summarized the results of measuring the film pres- 
sure F as a function of the average area A per adsorbed organic molecule. 
Changes in the surface phase from liquid to solid occurred on increasing 
the film pressure; these were evidenced by abrupt changes in the slope 
of the F vs A graph. When there were large differences in film viscosity 
or plasticity between the surface phases, they were evidenced by simple 
observations of the relative movements of particles of talc floating on the 
film. Hitherto unsuspected effects on the phase transitions resulted in 
changing either the temperature or the hydrogen ion concentration of the 
water. Major differences between the saturated and unsaturated compounds 
were also discovered in the F vs A graphs as well as in film collapse 
phenomena. . 

Upon turning his attention to the lower members of the homologous series 
of fatty acids, which readily dissolve in water, Langmuir found he could apply 
the Gibbs adsorption equation to the surface tension data of Szyszkowski"’ ; 
and by using his new concept that the adsorption should occur in the form 
of a monolayer, he could compute the number of molecules adsorbed per 
unit area of the surface. In the higher concentration range the asymptotic 
maximum value of the amount adsorbed (g) corresponded to a cross sectional 
area per acid molecule of 31x 10-* cm*. This was in reasonably good agree- 
ment with the cross sectional area of 22 x 10-** cm? found with the film bal- 
ance using the higher insoluble fatty acids. Using a simple kinetic argument, 
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he pointed out that g should be related to the absolute temperature J and 
the gas constant per gram mole R as follows: 


4 = Kel/RT 
Here A is the decrease in potential energy of the organic acid occurring when 
a gram molecule of solute passes from the interior of the solution into the 
surface layer. On applying this relation to the empirical equation express- 
ing Szyszkowski’s results for dilute solutions, Langmuir showed that the 
change in 2 per CH, group was 710 cal/mole and concluded that at such di- 
lutions the adsorbed molecule must lie flat on the sufrace of the water. Therefore, 
he pointed out that as the concentration was increased, the adsorbed molecules 
became more closely packed until they became erect with the hydrocarbon 
chains in closest packing and oriented vertically. 

Langmuir also employed the Gibbs equation and Szyszkowski’s empirical 
equation to prove that at very low solute concentrations the film pressure F 
and the area A per molecule of adsorbed solute obeyed the simple equation 


FAN = RT, where N is Avogadro’s number. 


His conclusion was that when the average distance between adsorbed mole- 
cules was large, each molecule moved about on the surface of the water in 
a two-dimensional Brownian movement giving rise to the film pressure on 
the surface boundaries which was being measured by the film balance. This 
led Langmuir to infer that any solid or liquid film on water will tend to eject 
molecules from its perimeter to escape as a gaseous monolayer, and he named 
this property the ‘‘surface vapor pressure”. 

Thus in one masterful paper Langmuir not only demonstrated the cssentia 
correctness of his ideas about adsorption on contact and the existence of oriented 
adsorption in asymmetric organic molecules on water, but he also invented 
in the film balance a powerful research tool with which he proceeded to open 
an inviting area of fundamental research on the properties of monomolecular 
films and on molecular structure. 

In order to appreciate the major impact of this paper on the scientific world, 
one must realize that at the time there were no other reliable methods of measur- 
ing the dimensions of organic molecules. The X-ray confirmation of Lang- 
muir’s results by Miiller!* as well as by Shearer, Trilloct, and others on the 
size and shape of fatty acids, alcohols, and esters did not come until about 
ten years later. Equally important was the influence of this paper on both 
students and investigators in making them accept without reservations the 
reality of the size, shape, and structure of organic molecules; this is why it 
has been and should continue to be required reading for all science students. 

The discovery of the equation FAN = RT and Langmuir’s kinetic ex- 
planation are classic of modern physical science. Since then his equation and 
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more sophisticated variations of it which allow for nonideality have been 
derived simply and elegantly by the methods of statistical mechanics.!* Although 
this equation for dilute gaseous monolayers has been applied frequently by 
investigators of film phenomena, perhaps the most interesting application 
was that of Guastalla®® to the measurement of the molecular weight of a protein. 
This was possible because: (i) the equation for a gaseous monolayer is readily 
expressed in terms of the molecular weight of the polymer, and (ii) it is not 
too difficult to measure the low film pressures required to work with films 
dilute enough to behave ideally. 

The concept of the film pressure F originated by Langmuir was an impor- 
tant advance. Firstly, it is thermodynamically necessary that F should equal 
the difference between the surface tension (y,) of the clean water and (y) that 
of the water covered with the adsorbed film. Secondly, the ability to measure 
9 and y with a surface tensiometer makes it possible to use data on the relation 
of surface tension to solute concentration to compute the film pressures caused 
by dissolved surface-active compounds. Therefore, by using a film balance 
to study the surface activity of water-insoluble members of an homologous 
series of compounds, and by using a tensiometer to measure the surface tension 
vs concentration relation of the soluble homologues, an organized, complete, 
and theoretically consistent investigation can be made of the surface activity 
of chemicals. The literature is replete with examples of the use of these two 
related approaches on surface activity. 


Surface Chemical Reactions with Aqueous Ions 


Although Langmuir frequently became engrossed in other problems, he 
returned again and again to investigate new properties of organic films on 
water. In 1934 in connection with investigations of films of stearic acid adsorbed 
at the interface of oil and water,*! he reported having found that a trace of 
calcium carbonate in the water not only caused the area per adsorbed acid 
molecule to decrease from 90 to 20 A® but also transformed the monolayer 
from a liquid into a rigid solid. During her earliest experiments on the pre- 
paration of multilayers from stearic acid films on water, Katherine Blodgett®* 
had found that a small trace of calcium carbonate was needed in the water 
to permit the formation of multilayers. An investigation by Langmuir on 
the effect of potassium, sodium, calcium, and magnesium ions on the F vs A 
curves of stearic acid®* also ran into difficulties with reproducing experiments 
which were caused by uncontrolled impurities. Because of this background, 
Langmuir and Schaefer investigated* the effect of hydrogen ion concentration 
on the per cent conversion of a stearic acid monolayer into the soap formed 
by the surface chemical reaction with either calcium or barium ions. This 
frequently-quoted paper established our first understanding of the profound 
effects of trace metallic ions on fatty acid monolayers. 
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Within a year papers by R. J. Meyers and W. D. Harkins*; J.S. Mitchell, 
E. K. Rideal, and J. H. Schulman*; and C. ‘Robinson?’ each reported briefly 
their independent findings about the effects of trace metallic ions on adsorbed 
monolayers. These four confirmatory investigations caused major changes 
in the techniques for research on adsorbéd monolayers on water. After that, 
greatly increased care was taken: (i) to use more carefully purified water and 
solutes; (ii) to use glass or quartz for troughs and barriers, instead of the earlier 
ones made from waxed metal; and (iii) to measure and control the pH. Much 
of the earlier confusion and controversy recorded in the literature concerning 
the properties of monolayers adsorbed at the water (air and oil) water inter- 
faces became understandable, and the careless practices responsible for them 
slowly began to disappear. 

However, the reaction of adsorbed fatty acids with aqueous ions was in 
itself an interesting subject for research, and so in 1937 Langmuir and Schaefer 
made a more extensive study of the surface chemical reactions between mono- 
layers of fatty acids and polyvalent metallic ions.** An interesting and ingenious 
theoretical treatment was given to the competition between the various ions 
in adsorbing and reacting with the monolayer. Because the product of the 
reaction was often a rigid or plastic solid monolayer, a simple useful surface 
viscometer was devised to measure the viscosity of the monolayer by observa- 
tions of the damping of a small circular disc resting on the film and made 
to undergo torsional oscillations about a fine tungsten wire suspension. The 
use of ‘‘oxidized indicator oil” (to be discussed in the next section) was also 
shown to be a convenient and sensitive method for demonstrating such changes 
in the mechanical properties of monolayers. Later investigations by 
W. A. Zisman,?* J. H. Schulman ef ai.,2° K. Durham,®! and J. A. Spink and 
J. V. Sanders** have greatly broadened our knowledge of the effects on 
film properties of varying the nature of the metallic ions as well as 
those arising from differences in the molecular weight or geometry of the 
carboxylic acid. 


Monomolecular Films Adsorbed at Oil/Water Interface and 
Liquid Expanded Monolayers 


Earlier observers such as Coghill and Anderson** had noted that when 
a carefully purified, high-boiling, hydrocarbon liquid, like white mineral oil, 
was placed on a clean surface of water, spreading usually would not occur; 
instead, there resulted a floating liquid lens having a shape defined by the 
surface tension and hydrodynamic conditions for static equilibrium. The 
following condition for static equilibrium of the lens boundary was first ex- 
pressed many years ago in Neumann’s ‘‘triangle of forces” acting on the oil 
lens: ; 

Viz COS YP = 71g COS O+-y23 cos P 
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where 71, 713, and yas are the tensions at the three interfaces involved and 
the y, 6, and © are the respective angles between the horizontal plane and 
the tangent plane to each liquid at the linear boundary. 

When an adsorbable polar compound, such as a fatty acid or alcohol, or 
some oxidized mineral oil, is added in minor concentrations to a floating liquid 
hydrocarbon lens, spreading occurs the extent of which depends on the solute 
concentration. This behavior was at first explained by pointing out that the 
interfacial tension (y,,,) between the oil (6) and water (a) had been decreased 
sufficiently by the polar solute so that the spreading coefficient S,,., where 
Syia = Ya—(Yo+Yar), had changed from a negative to a positive value. This 
is substantially what was generally known in 1931 when Langmuir gave a wide- 
ly-exhibited talking motion picture lecture demonstration entitled ‘‘Experi- 
ments with Oil on Water”. A stenographic transcription was later published 
in the Journal of Chemical Education. In that lecture Langmuir included 
a brief description of the behavior of spreading oil drops pointing out that 
the addition of one part in 100,000 by weight of oleic acid would cause the 
gradual spreading of a drop of commercial white mineral oil (Nujol). 

A’ few years later, in a characteristically original and fundamental paper*> 
on ‘‘Oil Lenses on Water and the Nature of Monomolecular Expanded Films”, 
Langmuir described his theoretical investigations of the spreading upon water 
of an oil lens containing an adsorbable solute. From considerations of the 
hydrostatic pressures, the surface tensions, and the interfacial tension of a float- 
ing oil lens, an equilibrium relation was derived between the spreading coef- 
ficient (F;) and the maximum thickness (f,,,) of the oil lens. It was shown 
how the spreading coefficient (F;) could be computed from measurements 
of the radii of a large static oil lens of known volume. Since the polar molecules 
in the oil will diffuse to the oil/water interface to form an adsorbed mono- 
layer until there has developed a dynamic equilibrium with the molecules 
in solution on the oil, there must result a spreading pressure (Fj,) in that 
monolayer; and this will cause a decrease in the value of (—F;) and ¢,,,,. He 
proved that in the case of a thin, essentially uniform, oil sheet, which occurs 
when tg, is less than 0.1 mm, the hydrostatic pressure effects arising from 
the thickness of the oil layer become negligible. This is a precise definition 
of the condition under which a ‘‘duplex oil film” is formed. When a duplex 
oil film is confined by a movable barrier in a film balance, a total two-dimension- 
al pressure (F) must be exerted which must be equal to the spreading coef- 
ficient (Fs). If Fi, is the film pressure of the adsorbed polar molecules re- 
sulting from the fact that they participate in a Brownian movement at the 
oil/water interface, Langmuir proved that the equation of state of the duplex 
oil film is (F—F,) (A—A,) = kT where Fy is the value of F, when the oil 
is free of polar solute, A is the cross sectional area occupied by the adsorbed 
solute molecules, and A, is the limiting value of A at high film pressures. It 
had also been shown earlier that F, = Fo +-F,,. Since adsorption at the oil/water 
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interface increases with the solute concentration, F,, will increase with the 
concentration. Even though F, is negative, the above relation shows that the 
addition of sufficient solute molecules will eventually make F, become positive 
and hence will cause the oil disc to spread. Therefore, as the concentration 
is increased, at some sharply defined concentration (W,) oil spreading will 
occur. If the solute concentration W is made to exceed W,,-the oil lens will 
only stop spreading when the excess concentration W—W, has been used 
up through adsorption at the enlarged interfacial area resulting from oil disc 
spreading. 

Langmuir made a bold extrapolation by assuming that the equation of 
state for a duplex film also will remain true as the film approaches the limiting 
case of a monomolecular film. This led him to predict than when a mono- 
molecular gaseous film is sufficiently condensed so that its hydrocarbon chains 
begin to cohere, it will act just like a film at the interface with the bulk hydro- 
carbon liquid and so will obey the equation of state (F—F,) (A—A,) = kT. 
This result agreed completely with Langmuir’s earlier explanation‘ of the 
nature of the liquid transition state of an adsorbed monolayer on water which 
had been fully studied by N. K. Adam and co-workers** *’ and named ‘‘the 
liquid expanded state”. ‘ 

Soon afterwards, in his lecture before the Franklin Institute,?! Langmuir 
summarized the results of confirmatory experiments performed with the 
help of Katharine Blodgett on the spreading upon water of white mineral 
oil containing various concentrations of fatty acid. Results were discussed 
on the effect of varying the pH, the factors determining the rate and total 
area of spreading, and the optical interference colors developed in the spread- 
ing of oil drops containing high concentrations of solute. From observations 
of the maximum spreading exhibited by an oil drop, it was shown how one 
could calculate the average cross-sectional area per adsorbed molecule as 
well as the interfacial spreading force F,, arising from the Brownian movement 
of molecules adsorbed at the oil/water interface. When the oil is spread as 
a thin duplex film exhibiting interference colors, a simple relation exists between 
the film thickness, the oil density, and the molecular weight and concentra- 
tion of the fatty acid. 

Incidental to two subsequent papers Langmuir and Schaefer**** described 
several elegant applications of duplex oil films which are thin enough to 
exhibit interference colors. Whereas duplex films formed by the spreading 
of white mineral oil containing dissolved fatty acids are quite unstable, those 
formed by spreading drops of oxidized petroleum lubricating oils are much 
more stable. Such colored duplex films were shown to be valuable as ‘‘indicator 
oils” and were recommended as replacements for Devaux’s talc, sulphur 
dust, or lycopodium powder to indicate the boundary defined by a monolayer 
spread on water. For example, if a minute quantity of oleic acid is touched 
to the surface of the water in the center of a trough previously covered with 
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a uniformly colored film of indicator oil, the oleic acid will spread to form 
a more or less circular but invisible monolayer whose boundary is sharply 
defined by the surrounding colored duplex film. The pressure exerted by the 
indicator oil can be varied by compressing it, and of course an attendant change 
in color results. The indicator oil can be calibrated in a Langmuir film balance 
so that one can estimate from its color and the order of the spectrum the 
spreading pressure exerted. Indicator oils are readily prepared having spreading 
pressures varying from 1 up to 20 to 30 dynes/cm. By increasing the time 
or the temperature of oxidation of the lubricating oil, it is possible to increase 
the maximum value of the spreading pressure obtainable. Such calibrated 
oils are also useful as ‘‘piston oils” to exert a known spreading pressure on 
another film or on a film barrier. 

These investigations of adsorption and spreading at the oil/water interface 
supplied essential concepts which have been frequently applied since. Alexandcr 
and co-workers*® studied the F vs A curves for monolayers at the interface 
of organic liquids with water by measuring the interfacial tension at different 
solute concentrations. The solute was injected at the interface in order to 
vary quickly the concentration of the adsorbed film. Using Langmuir’s oil 
spreading technique, Zisman**® studied adsorbed films of a wide variety of 
carboxylic acids, fatty amines and alcohols, esters and miscellaneous other 
polar compounds and discovered that mixed films of polar solute and hydro- 
carbon molecules formed until the film pressure became high enough to squeeze 
out all of the hydrocarbon molecules. Progress of research on adsorption at 
the interface of water with organic liquids has been reviewed by Alexander.“ 
Although insufficient work is known about the effect of varying the nature 
of the solvent molecules, the bulk of the evidence is that the adsorbed films are 
expanded monolayers which obey Langmuir’s equation for liquid expanded 
films. Much more needs to be learned about the properties of monolayers 
adsorbed at the interface of oils with water. Langmuir many times has stated 
that the phenomena at the oil/water interface should be especially important 
to the biologist.“* Especially lacking is information about the effect of the 
shape and size of oil molecules and solute molecules in fitting together in 
mixed films to form what Emil Fischer so aptly once described as a ‘‘lock 
and key” arrangement of molecules. 

The theory developed by Langmuir to describe the state of affairs existing 
in ‘‘liquid expanded” monolayers on water has been very successful and has 
stimulated much research. As Adam has stated“*: ‘‘The theory appears to 
meet all the facts, and provides an explanation for the failure to spread in- 
definitely in the cohesion of the ‘liquid’ layer formed by the hydrocarbon 
portions of the molecules, a liquid layer only some four-fifths of a molecule 
thick.” 

An interesting and more recent verification of the correctness of Langmuir’s 
equation of state for monolayers at the air/water interface resulted from an 
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experimental study by M. Izawa‘ on the F vs A isotherms of monolayers 
of a variety of branched chain carboxylic acids. A valuable theoretical investi- 
gation by Phillips and Rideal*® resulted in a rather general equation of state 
for gaseous monolayers which D. G. Hedge“ has put in the convenient form 
for uncharged monolayers: 


(r+ + (A—A,) = kT 


This equation differs from Langmuir’s by allowing F, to vary with the molecular 
separation in order to allow for intermolecular cohesive forces at close packing. 
N. L. Jarvis and W.A. Zisman‘? have only recently demonstrated that this 
form of the Phillips and Rideal equation of state describes well the general 
behavior of monolayers of perfluoroalkane derivatives adsorbed at the free 
surface of various organic liquids! 


Films. on Solids and Their Properties 


It was not until 1919 as part of a paper“* on ‘*The Mechanism of the 
Surface Phenomena of Flotation”, delivered before the Faraday Society, 
that Langmuir reported his earliest findings that an adsorbed monolayer of 
an organic polar compound could radically change the frictional and wetting 
properties of solid surfaces. This was part of a lecture intended to outline 
promising directions for basic research on the rapidly growing technology of 
ore flotation and to show the pertinency of his recent inyestigations on the 
localization of the forces causing adsorption and molecular orientation to 
understanding the selective action of certain oils and fatty acids in the flotation 
of ores. Langmuir emphasized the need for developing experimental methods 
to study oil films on solids, especially their adhesion and the effects of the 
resulting oil film on the contact angle with water. Attention was called to the 
various methods he had found valuable for cleaning glass and other solid 
surfaces to make them suitable for basic studies. These methods are historically 
interesting because they included: (i) the use of water spreading on glass 
and other hydrophilic solids as a sensitive test for cleanliness, and (ii) the 
technique of dipping the solid in a water trough covered with floating talc 
particles in order to establish freedom from oil contamination. Langmuir 
also pointed out the desirability of applying Lord Rayleigh’s recent observation‘® 
that when clean glass is rubbed by another clean piece of glass or by platinum, 
the friction is remarkably high. 

A most remarkable and productive series of simple experiments on the 
wetting and frictional properties of solids coated with oil films were then 
summarized. A small amount of oleic acid placed on a clean glass microscope 
slide and thoroughly wiped off with a clean cloth had decreased the static 
coefficient of friction 4s from over 1.0 to 0.11. The boundary friction test 
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for contamination on a solid surface appeared to be more sensitive than the 
floating talc test. An interesting observation was that although water would 
displace pure paraffin from contact with clean glass, it would not displace 
a film of oleic acid. 

In this lecture a new method was described for depositing a condensed 
monolayer of oleic acid from its position as a compressed film on the surface 
of water so that it would absorb on a clean glass slide as it was withdrawn 
edgewise through the floating film. No film was deposited on dipping the clean 
slide into the trough, but as it was withdrawn the slide retained a thin adhering 
layer of water which was covered by a condensed monolayer of oleic acid. 
Once the water had been allowed to drain off or evaporate, the glass slide was 
left with a more or less adherent coating consiting of the monolayer of oleic 
acid. Such a monolayer always made the glass hydrophobic and lowered ps 
to only 0.1. Similar experiments with the other clean solids examined gave 
essentially the same result; these materials included freshly cleaved mica, 
platinum foil, calcite, galena, sphalerite, pyrites, and magnetite. He also 
found that the smooth surface of clean stearic acid, paraffin wax, myricyl alcohol, 
and cetyl palmitate each exhibited a large contact angle with water, the value 
for the last three substances being 110°. 

Thus an adsorbed monolayer of oleic acid was sufficient to greatly alter 
the lubricating and wetting properties of glass, platinum, and various clean 
mineral surfaces. Langmuir expressed some surprise because the water contact 
angles with the various waxy surfaces were not independent of the nature of 
the underlying solid; he had expected that they would depend only on the 
nature of the outermost hydrocarbon groups and so would be similar. After 
discussing briefly the various possible causes of these differences, such as 
the effect of the lattice spacing of the solid beneath the film, he concluded that 
in order to test this theory, more research was needed using different types 
of film-forming materials besides oleic acid. A simple explanation was given 
in terms of the molecular orientation of the floating film of oleic acid to explain 
why in the floating monolayer method of coating a glass slide with a monolayer, 
the film was able to adhere to the plate only during withdrawal. 

Langmuir recommended that research on flotation include further in- 
vestigations of the adsorption by clean mineral surfaces of other substances 
besides fatty acids and also more measurements of the contact angles formed 
by the oily surface of a froth bubble with the contaminated surface of the 
mineral. He suggested that foam stabilization occurs through the presence 
-of a compound able to deposit a stable monolayer over the surface of the bubble 
and added that higher fatty acids such as valeric rather than acetic acid were 
needed to improve flotation; but he did not believe the higher fatty acids such 
as oleic were desirable because they would be too insoluble in water. 

When one considers how little was known in 1920 about (i) the basic me- 
chanism of flotation, (ii) the relation of the contact angle of water to the 
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surface constitution of the solid, and (iii) the ability of one liquid to displace 
another from contact with the solid, Langmuir had made impressive gains 
from a modest number of simple experiments all carried out in a brief time. 
Nearly every new observation reported has later proved to be essential in 
developing present knowledge of flotation as is fully evidenced in recent treatises 
on the subject such as that by K.I. Sutherland and I. W. Wark.5° 

Langmuir reported additional findings from his studies of oil films on 
solids when in 1934 he delivered a brilliant lecture on ‘‘Mechanical Properties 
of Monomolecular Films” before the Franklin Institute.*! After briefly describing 
the method of preparing the newly discovered Langmuir-Blodgett multilayers 
from’ stearic acid soaps, he described experiments on the effect of either 
a monomolecular or a multimolecular film on the coefficient of kinetic friction 
(4g) between a glass slider and a flat glass plate. A stearate monolayer lowered 
Bx to 0.11, and a multilayer of from 3 to 7 layers did not lower it further. 
Since the ability of an adsorbed film to remain essentially unchanged under 
repeated shearing stresses is essential in lubrication, the slider was rubbed 
back and forth over the plate while keeping it in the same track to observe 
the effect on 4,. Whereas the value of u, for the monolayer began to increase 
under a moderate load after 700 strokes, the value for a multilayer comprising 
7 layers of the stearate remained unchanged after 4000 strokes. Similar 
experiments using a thin film consisting of a dilute solution of stearic acid in 
mineral oil showed that such a material was effective in reducing friction, 
Thus, 0.00001 part by weight of a fatty acid caused a marked reduction in 
x; 0.01 part decreased it to 0.05; and higher concentrations did no better. 
Langmuir concluded with the observation that since marked variations in the 
durability of these films were noticed with different materials for slider and 
plate, further such investigations might prove valuable. 

The demonstration that a monomolecular film of oleic acid lowered ys 
to about 0.1 had much influence on current and later research on the friction 
and lubrication of solids. Apparently also influenced by Lord Rayleigh’s paper 
of 1918,4° Sir William B. Hardy promptly commenced the first -of his classic 
investigations on the nature of cohesion, friction, and lubrication.5"5? In 
a subsequent paper®* Hardy concluded that the friction between rubbing 
solids was caused by their cohesion and stated that the most beneficial boundary 
lubricating effects obtained by him with various chemicals were each caused 
by a film ‘‘probably only one or a very few molecules thick”. Langmuir’s 
experiments of 1920 proved that a condensed monolayer of oleic acid decreased 
the coefficient of static friction between rubbing solids to the lowest value 
observed with any lubricant known then; presumably they illuminated Hardy’s 
subsequent investigations on constitutional relations in the boundary friction 
of solids. 

Langmuir’s conclusion in 1934 that boundary films of stearates from one 
to several molecules thick can be quite durable under high loading and shearing 
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stresses has stimulated many similar investigations, such as those of Akamatu 
and Sameshima®é and Sameshima, Akamatu, and Isemura.®> Bowden and 
Leben® have established that during the rubbing of steel against steel coated 
with a stearate monolayer or a multilayer, 4, was about 0.1; and also that 
although the monolayer was not durable, the multilayer was. However, only 
recently O. Levine and W. A. Zisman*’ have demonstrated, by using close-packed 
adsorbed monolayers of stearic acid and other high melting fatty acids, that 
Hx = 0.05 for steel rubbing against glass and 0.08 for steel against steel or 
glass against glass. Durability of close-packed monolayers under repeated 
unilateral traverses of steel on steel in the same track was very poor quite 
like in the above mentioned work of Bowden and Leben. However, the protective 
action of an adsorbed monolayer in the rubbing of steel against glass was 
substantial with a solid monolayer and slight with a liquid monolayer. Therefore, 
the durability of an intervening solid monolayer depended on the nature of 
the pair of underlying solids, the durability with a given monolayer being 
greatest when the two clean solids had the least tendency to cold weld or 
form solid solutions. These are but a few of the many investigations which 
have been prompted by these: pioneering contributions of Irving Langmuir. 
Unquestionably his work on the properties of surfaces and adsorbed monolayers 
was of fundamental importance in the development of our knowledge about 
friction and lubrication. 

Both the Franklin Institute lecture and a later address to the American 
Association for the Advancement of Science presented new and fruitful 
observations about the effects of adsorbed films on the wettability of solids. 
Langmuir had noted* that a trimolecular stearate film exhibited a contact 
angle of 55.4° with Squibbs petrolatum (a heavy white mineral oil), 51.7° 
with ethyl myristate, 48.7° with carbon tetrachloride, 48° with benzene, 1.5° 
with n-hexane, and 50° with water. Contact angles of the Squibbs petrolatum 
on stearate monolayers containing from 1 to 7 layers were as follows: 52° 
on one layer, 55.4° on three layers, 55.2° on two layers, and 55.9° on seven 
layers. A drop of the same oil resting on the surface of a compressed monolayer 
of the stearate on water in a film balance exhibited a contact angle of 40°. Both 
“X” and ‘‘Y” multilayers of a barium stearate exhibited contact angles of 
53°.5 Langmuir offered the following simple and suggestive explanation of 
why the petrolatum rolled off these multilayers: ‘‘The probable explanation 
is that the molecules are so tightly packed into an area of about 20A*/molecule 
that only the CH, groups at the ends of the molecules are exposed on the 
surface. The properties of CH, may well be so different from CH, that a liquid 
consisting mostly of CH, does not wet a surface consisting entirely of CH;.” 

Langmuir had also observed that when a drop of cetyl alcohol was moved 
over the surface of glass a monolayer of the alcohol was left which the liquid 
could not wet." Later he reported® the following two interesting observations: 
‘Stearic acid, however, when melted on the clean glass surface forms drops 
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which show a large contact angle against the glass (oleic acid on glass gives 
a practically zero contact angle)” and also ‘‘Molten stearic acid on chromium 
draws up into drops and leaves on the metal a monolayer which has a contact 
angle for water (@ > 90°) and about 30° for petrolatum.” These were the 
earliest reliable observations of adsorbed films which were both hydrophobic 
and oleophobic. Woog5* in 1926 had reported that liquid oleic acid would not 
spread on metals and concluded that the oleic acid left behind it an ‘‘epilam” 
or thin film upon which the liquid acid would not spread. 

About 20 years later, Zisman and co-workers demonstrated that this 
behavior of oleic acid was due to impurities present, such as stearic acid. In 
fact, the nonspreading behavior of stearic acid and cetyl alcohol observed 
by Langmuir exemplified the abnormal behavior of a class of compounds 
which they later named ‘‘autophobic” liquids.**** Shafrin and Zisman have 
since shown that all of these observations of nonspreading on solids occurred 
because a surface of close packed CH, groups has the lowest surface energy 
(or the lowest critical surface tension of wetting) of any hydrocarbon surface; 
the reported oleophobic and hydrophobic contact angles arose from the fact 
that the liquid surface tensions for both the mineral oil and water were much 
greater than the critical surface tension of wetting of CH; surfaces, i.e., greater 
than 22 dynes/cm. - 

Langmuir expressed several times***-58 the opinion that the Principle 
of Independent Surface Action should also apply to the wetting of organic 
surfaces. An extensive investigation of wetting and constitution by Zisman 
and co-workers later showed that Langmuir’s principle applied to surfaces 
containing not only carbon and hydrogen but also fluorine, chlorine, oxygen, 
and nitrogen. It held not only for monolayer-coated, high-energy surfaces 
but also for smooth, bulk, organic solids such as synthetic polymers. The few 
exceptions encountered were characterized by the fact that the surface composi- 
tion included large uncompensated dipoles in the outermost portion of the 
surface structure.*® Of course, this is reasonable since a dipole has an electro- 
static field of force which varies with the distance r as 1/r? whereas the usual 
London dispersion forces describing the attraction between covalent atoms 
varies as 1/r*, It would appear then that the Principle of Independent Surface 
Action is not true whenever such systems are involved. Nevertheless, Langmuir’s 
ideas and experimental observations on the contact angles of water and oil 
with clean and monolayer-coated solid surfaces because of their simplicity, 
novelty, and fundamental character have stimulated much research on wetting. 


Multilayers and Their Properties 


One of the best examples of the originality, skill, and versatility of the 
team consisting of Langmuir and his two co-workers, Katharine Blodgett 
and Vincent Schaefer, is to be found in the group of publications concerned 
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with the preparation and properties of the lamellar, polymolecular, organic 
films deposited on solids which are commonly identified as Langmuir- Blodgett 
multilayers. In 1920 Langmuir reported his first success in depositing 
a monomolecular film of oleic acid on a plate of glass by dipping and withdrawing 
the plate through a compressed floating monolayer on water. Nearly 14 years 
later*-*? Blodgett, using essentially the same experimental technique, discovered 
that if traces of calcium carbonate were present in the water used in the film 
trough, monolayers of stearic acid could be deposited on a glass or metal plate 
both in dipping and retracting the plate through the floating monolayer. This 
discovery led to several joint investigations with Langmuir on the mechanisms 
involved in the formation of X and Y multilayers of the stearates and on 
their optical properties.**** Because of the essential part played in multilayer 
formation by reaction of the stearic acid with polyvalent metallic ions in the 
aqueous substrate, Langmuir and Schaefer investigated the effect of various 
polyvalent metallic ions.*4** Later, Langmuir described the mechanical 
properties of multilayers of the stearates. A stimulating review of the General 
Electric investigations on multilayers was given by Langmuir in his ‘‘Pilgrim 
Trust Fund Lecture” before the Royal Society in 1939.7° A condensed review 
of the work of the world in this field of research was given the same year by 
Schulman.”!/ 

The principal requirements for the formation of these multilayers appear 
to be that the insoluble floating monolayer be maintained in a solid-plastic 
and flexible condition under the pressure exerted by the ‘“‘piston oil”. If the 
film is rigid or is too fluid, it can not be lifted from the water by the slide 
during withdrawl from the surface, because in the first case it has insufficient 
shear strength (or is brittle) and in the second case it has insufficient tensile 
strength. In a joint paper with H. Sobotka” they reported that the ratio 
of the geometrical area of the slide to the area of film removed from the 
water surface was unity, and this was true regardless of the actual surface area 
of the slide. J. J. Bikermann”* verified this conclusion by using grooved metal 
slides and also fine wire screens on which to deposit the multilayers. In other 
words, the multilayer behaved like a carpet which bridged over the valleys 
and rested mainly on the hill tops comprising the surface of the slide. Some 
compounds, which otherwise can be deposited as multilayers, will not adsorb 
as a monolayer on the clean wet slide. In such instances, a hydrophobic layer 
of some other compound is first placed on the slide. Langmuir and Blodgett*® 
often coated the clean dry slide with ferric stearate and polished off the excess 
with a clean cloth to leave an adherent hydrophobic monolayer which served 
satisfactorily for a first coating. The techniques for preparing multilayers 
developed by the General Electric group proved so simple and reliable that 
surprisingly few changes have been necessary since. Multilayers have been 
prepared from a wide variety of compounds including the higher fatty acids 
and their divalent soaps; the methyl ketones; esters such as methyl stearate 
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ethyl stearate, and octadecyl acetate; various triglycerides, many oil-soluble 
organic dyes, sterols, chlorophyll, octadecylamine and various proteins. 
Undoubtedly, many other types of high molecular weight compounds which 
are capable of being spread on water as plastic monolayers, can be formed 
into multilayers. 

A flurry of papers was published in the period between 1937-39 following 
the discovery by E.Porter and J. Wyman” that X-multilayers of calcium 
stearate deposited on a metal gave contact potentials as high as 70 millivolts 
per layer so that a 100-layer film had a contact potential difference with a ref- 
erence electrode as large as seven volts. It was first thought that the cause 
was a permanent internal polarization resulting from differences in structure 
between X- and Y-multilayers with the X-multilayer having each layer of 
the stearate pointing in the same direction. However, X- and Y-multilayers 
were soon shown by X-ray diffraction to be structurally the same by C. Holley 
and S. Bernstein.”:”* From this and other experimental results Langmuir 
concluded’’ that the electrostatic properties of the X-multilayers were not 
caused by oriented stearate dipoles (as had been assumed at first) but instead 
was a surface electrification caused by the relative slip between the aqueous 
solution and the hydrophobic surface of the multilayer. Soon afterwards, 
R. Goranson and W. Zisman’ identified the cause more precisely by de- 
monstrating with a Faraday ‘‘Ice Pail Apparatus” that the X-multilayers 
deposited on an insulating solid always contained a volume distribution of 
ions accumulated therein from the aqueous solution in the trough during 
the deposition process. Observed electrostatic effects corresponded to not 
over one ion per million calcium stearate molecules so that the average separation 
of ions was about 4500A. The contact potentials reported by Porter, Wyman 
and others had arisen because the electrostatic charge induced on the metal 
slide when it was coated with the multilayer had created a field which could 
not be distinguished by their methods of measurement from that of a polarized 
dielectric. 

The experiments of Langmuir and Blodgett skeletonizing multilayers 
of mixed barium stearate and stearic acid by soaking them in benzene for 
various lengths of time occasioned widespread interest. Especially remarkable 
was the fact that 60 per cent voids could be formed in such a multilayer by 
extracting stearic acid from within the multilayer without causing collapse 
or disorganization. These voids could be filled by exposure of the skeletonized 
multilayer to contact with a mineral oil or to a volatile hydrocarbon and 
the multilayer would regain its former colored appearance and hydrophobic 
as well as oleophobic properties. By varying the percentage of voids and by 
filling them with liquid aliphatic hydrocarbons or alcohols, it was possible 
to vary continuously the refractive index of the film. Blodgett?® found that 
skeletonized multilayers of cadmium arachidate were valuable in preparing 
nonreflecting films on glass. 
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Langmuir and Blodgett used the interference colors exhibited in polarized 
light to measure the thickness and layer spacing of a multilayer. Their results*® 
on the layer spacing in stearate multilayers were within a few per cent of the 
most precise X-ray data obtained. Schaefer®® has shown the difference can 
be accounted for in terms of a slight interference with molecular overturning 
due to traces of copper. One very useful product of this investigation was 
the interference stepgauge which has been used frequently in research on 
adsorbed films. This is a reflection grating, which usually is made by depositing 
a multilayer of barium stearate on a highly polished chromium-plated metal 
surface (or preferably on a special lead glass) in overlapping steps differing 
by one Y-layer each. The ‘‘Step Gauge” manufactured by the General Electric 
Company from barium stearate can measure film thicknesses from 2 to 16 
microinches in 15 steps of 1 microinch each. However, in employing this 
gauge an, appropriate correction should be made if the film to be measured 
by a color comparison has a different refractive index than that of barium 
stearate. 

Step gauges are not difficult to make and various investigators have used 
them to measure the thickness of a film adsorbed on the surface of a ‘‘condi- 
tioned” multilayer. This application resulted from a fruitful discovery by Lang- 
muir and Schaefer*, 7° 8.58 that whereas a barium stearate multilayer on being 
immersed in water and retracted emerges hydrophobic, on being dipped in 
an aqueous solution containing polyvalent metallic ions such as aluminum, 
the outermost monolayer overturns and reacts with the aluminum ions and 
becomes so anchored down that on being withdrawn the slide emerges 
hydrophilic. The mechanism of overturning in adsorbed monolayers and 
multilayers, which was fully investigated by them,®* has occasioned wide 
interest because it is a- most remarkable example of the great flexibility of 
a paraffin chain and of the statistical fluctuations occurring in a solid. Langmuir 
and Schaefer found that the resulting ‘‘conditioned”’ stearate multilayer was 
able to adsorb a monolayer of many types of polar compounds including pro- 
teins, bile acids, digitonin, and chlorophyll.*-7*-*-*)8 Many others have 
since studied the adsorption of monolayers on ‘‘conditioned” multilayer 
surfaces. An interesting recent example is that of M. Muramatsu® who used 
multilayers of stearic acid and octadecylamine to study the adsorption of 
acidic, basic and amphoteric dyes as a function of the pH of the aqueous 
solution. 

Blodgett has shown’® how to prepare skeletonized multilayers of the 
appropriate thickness of barium stearate or cadmium arachidate on glass of 
a suitable refractive index so that nonreflecting coatings can be prepared, and 
with such films she has demonstrated it is possible to improve greatly the 
light transmission through lenses and prisms by eliminating the reflections 
from the various optical boundaries. These nonreflecting films occasioned 
widespread interest at the time they were reported. An excellent popular 
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illustrated story on this use of multilayers was published by Life.8? However, 
because of their tenderness to rubbing and abrasion and because other processes 
of preparing more durable nonreflecting films had been developed, no such 
use has been made of the Langmuir-Blodgett multilayers. 

Despite their spectacular properties, interest in Langmuir-Blodgett multi- 
layers has decreased considerably since 1940, and comparatively few publi- 
cations are now published annually. Perhaps one of the reasons is that such 
multilayers are unlike any films encountered in nature. No membranes like 
these multilayers have been found in biological systems. To this day no other 
method of producing such multilayers has been found; so that, at present, 
one should consider them as artifacts. As indicated earlier, practical optical 
uses for these multilayers have not developed because of their tenderness 
to rubbing or abrasion. Another limitation for some uses is that they must 
not be overheated if they are to be preserved for long times. Even at ordinary 
temperatures a gradual molecular rearrangement has been found to occur 
presumably through a process of slow crystallization. But multilayers of barium 
copper stearate appear to be adequately stable if not allowed to become too 
warm. 

It is worthy of note that the process of forming multilayers from compounds 
such as the stearates is one of the most remarkable lecture room demonstra- 
tions in the physical sciences. Apart from their educational value, these in- 
vestigations of multilayers and their properties by Langmuir, Blodgett, and 
Schaefer were extremely productive in new ideas. Unquestionably, many 
investigators have been and will continue to be stimulated to worthwhile 
effort by this remarkable and well-integrated program of research based on 
the enthusiastic drive, versatility, and brilliant interpretive ability of Irving 
Langmuir. 


Concluding Remarks 


Langmuir’s ideas and investigations of adsorbed organic monolayers on 
liquids and solids have inspired many accomplished scientists to enter this 
field of research. Among the most productive of these early investigators 
should be mentioned E. K. Rideal, N. K. Adam, J. H. Schulman, A. E. Alex- 
ander, A. N. Frumkin, S. E. Bressler, D. Talmud, B. F. Deryaguin, D. G. Der- 
vichian, J. Guastalla, M. Joly, H. Cassel, J. W. McBain, F. E. Bartell, and 
T. Sasaki. The resulting important advances and applications of the chemistry 
and physics of surfaces have been so numerous that the present state of know- 
ledge in this field of science could not be summarized adequately in a single 
book. Among the earliest and generally considered most authoritative texts 
on the subject are those by Rideal,®* Marcellin,®® Adam,* and Bakker.1 The 
thermodynamic relations appropriately modified for surface systems have 
been masterfully presented in a textbook by Guggenheim.” After the death 
of W. D. Harkins a valuable summary of the work of his school appeared 
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in a single volume.* Noteworthy recent textbooks are those of Reis,** Biker- 
man,** Wolff,*® and the now classic review by Brunauer™ on phenomena 
at solid/vapor interfaces. 

Present knowledge of the physics and chemistry of surface phenomena 
and the great variety of applications are the result of the efforts of the above- 
listed investigators and many who entered the field later. The subject has 
attained such importance that already two World Congresses on Surface 
Activity have been held with a third being convened in the fall of 1960. The 
amount of material presented at the Second World Congress in London*’ 
was so great that the printed proceedings had to be published in four large 
volumes! In conclusion, it is no exaggeration to state that Irving Langmuir 
was more responsible than anyone for the existing impressive body of know- 
ledge about Surface Activity. 

W. A. ZIsMAN 
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EXPERIMENTS WITH OIL ON WATER*t 


Journal of Chemical Education 
Vol. VIII 850, May (1931). 


Epitror’s Note: The following is a stenographic report from an educational talking motion 
picture in which Dr. Langmuir accompanies his talk with close-up views of his experiments. Necessarily, 
there are sections of the text which are ambiguous since in the film Dr. Langmuir could point speci- 
fically to parts of the demonstrations. Parenthetical insertions have been made occasionally in the text 
to clarify certain points, and at other places the points have been illustrated with enlargements from 
the film. The sound track appears to the left of the pictures as a jagged, black line. The film, made 
with RCA-Photophone equipment, was produced by the Motion Picture Department of the General 
Electric Company. Dr. Langmuir did not talk from a prepared manuscript. 


Durinc the ten-year period from 1890 to 1900, the late Lord Rayleigh carried 
on many investigations of the phenomena of surface tension and the spread- 
ing of oil films on water. He found, however, that the physicists 
in general were not much interested in these phenomena, so that gradually 
he went on to other lines of investigation; but I think in these days nearly 
every one is more deeply interested in the phenomenon of surface tension 
than they were at that time. 

I want to tell you of various experiments that I have made along these 
lines. A film of oil on water produces many phenomena besides the tradi- 
tional one of quieting troubled waters. For example, many beautiful irides- 
cent colors are formed, although if we see such colors on our favorite 
swimming pool they do not appear very beautiful to us. Visible films 
of this character are comparable in thickness to a wave-length of light. In fact, 
it is the interference phenomenon that produces these colors. 

About 0.00001 of an inch, or up to 0.0001 of an inch, is the usual thick- 
ness of these visible films; but I want to talk to you particularly of films 
that are very much thinner—invisible films—films that are in thickness about 
0.00000001 of an inch. The experiments that I plan to show you with these 
films will be made with very simple apparatus, apparatus such as a photo- 
graphic tray, talc, and strips of paper (Fig. 1). 


* This manuscript has been prepared at the editor’s request by Mr. Guy Bartlett of the 
General Electric Company. 


t This talking motion picture is that shown before the Division of Chemical Education at 
the Columbus meeting of the A.C.S., May 1, 1929. 
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I can show you some of the effects of these films made with what, as 
a boy, we used to call camphor boats. These boats were propelled over the 
surface of the water by motion set up in water by pieces of camphor, which 
alter the surface tension. Many years later, I found that the late Lord 
Rayleigh had spent several years in the study of the properties of camphor 
film phenomena and their motions on water. In fact, many generations of physi- 
cists before him had been puzzled by these phenomena. 





Fic. 1. ‘... with very simple apparatus, apparatus such as a 
photographer’s tray, talc, and strips of paper.” 


To show the motion of this camphor boat, I am going to pour some water 
into this hard rubber, photographer’s tray, but I want to show the motion 
of the surface of the water that will have this invisible film on it. For that 
purpose I will make up a little bag of talc, simply by tying up some talc 
or powdered soapstone in a little bag (Fig. 2). I will use this to dust over the 





Fic. 2. ‘‘... some talc or powdered soapstone in a little bag.” 


surface of the water so as to make the movements of the surface visible. 
Instead of using talc, I can also use sulfur in a similar bag. 

I will put some water in this tray and then put on the water a few little 
pieces of camphor. I am not going to take any special precautions to 
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keep these surfaces clean; it is not essential. These little pieces of camphor 
are in a constant state of motion (Fig. 3). Small ones cause rapid movement 
of the water; larger ones cause slower movement. 

I will now take a strip of paper and out of it cut a little boat, but in order 
to make the boat behave rightly in this tray I will leave a little rudder—not 
the same as most rudders, as it will be on the wrong side. 


WidBVLE RIC 





Fic. 3. ‘“These little pieces of camphor are in a constant state 
of motion.” 


Now, you see, I have made my boat and I have a little space here (at the 
stern) in which I can put,a piece of camphor. I pick up one of these pieces 
of camphor and put it in the little recess at the back of the boat (Fig. 4) and, 
you see, the boat immediately starts to move. The rudder action is pretty 
strong, so it goes in a circle (Fig. 5). The reason for this movement is a change 
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Fic. 4. “I pick up one of these pieces of Fic. 5. ‘“The rudder action is pretty strong, 
camphor and put it in a little recess at the so it goes in a circle.” 


back of the boat...” 


in the surface tension of the water. There is a decrease in tension right back 
of the boat, so the water pulls the boat ahead more than it pulls it back; for 
instance, you can see that right back of the boat are rather vigorous currents. 
I sprinkle a little talc over the surface of the water and, as the boat advances, 
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the water pushes the talc away. The talc is pushed away from the rear, 
showing that motions, or currents are set up and go one way while the boat 
moves in the opposite direction. This motion of camphor takes place only 
upon water that is relatively clean. 

If I put on the water a small amount of oleic acid from a globule on the 
end of a wire (Fig. 6), there is, first of all, a spreading action that starts 
off from the drop of oil that has been added, and the action of the camphor 
is entirely stopped. 


4 
1. 
4 
£ 





Fic. 6. ‘‘... 1 put on the water a small amount of oleic acid from 
a globule on the end of a wire...” 


You have just seen how the oleic acid placed on the surface of this tray 
of water spreads out, setting up surface currents until the whole surface is 
contaminated. Camphor does the same thing; that is, it contaminates the sur- 
face and it spreads out over the surface, setting up currents in the water. 
The reaction to those currents produces this motion of the boat, but if the 
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surface is already covered with camphor there is nowhere for the oleic acid 
to spread to, as the camphor spreads a good deal more strongly than the acid 
does. 

There are many interesting features connected with this spreading. To 
illustrate some of these, I will show you some further experiments. I will 
take a smaller sized tray and will make some paper barriers to put on this tray 
by taking some large sheets of paper and folding them so as to make some long 
strips. Then I fold them at the ends so that they are just the width of the tray. 

I will fill this tray with water and then I will put a little sulfur powder, 
which is equivalent to talc, on the surface of the water to render the move- 
ments of the surface visible. If I blow on the surface,. it is possible to blow 
the sulfur about two-thirds of the way down the tray, but not much farther; 
that shows that there is enough contamination on the surface to cover about 
one-third of the surface of the tray. 

If I blow that contaminated part away from me and then move the 
paper, I can get a better measurement of the area that is contaminated 
because now, you see, blowing causes circulation of only that surface; 
it does not cause the contamination to move away from the paper barrier 
which I am moving. : 

If I move the paper barrier all the way to the end, I am able to get rid 
of the contamination. If I do this a couple to times, I get a surface which 
is clean. I can remove this barrier, and on its wet surface most of the 
contamination sticks. I get a surface which is not absolutely clean, but about 
95% clean. The contaminated part has been blown to one end. 

On this clean surface of water, sulfur is very mobile. I can push it 
in any direction with the utmost ease. If I now place on the surface an 
extremely small amount of oleic acid—taking even more pains than before 
to get every bit of excess acid off the wire, rendering the surface a little more 
visible by adding a little more sulfur, and then putting the end of the wire 
on the surface of the water so as to get a very small amount of the oleic 
acid—you see the sulfur disappear just as if I had blown there. 

Now notice the difference. By blowing on the water I can push the sulfur 
back only a short distance; for example, that circle represents the area from 
which I can blow this film of oleic acid (Fig. 7). I will put on more oleic 
acid; in fact, I will put on all I can. There is a limit to the amount of oleic 
acid that will go on. The surface is now a completely contaminated one. 

To show that it will hold very little more, I will put on a larger globule 
of oleic acid. Notice it practically does not spread any more. This 
surface is in equilibrium with a globule of oleic acid which I can see on the 
surface. 

These floating pieces of sulfur on the surface give us a way of telling 
whether or not the surface is contaminated. Free mobility of the sur- 
face means freedom from oil film, or any film that is non-volatile and non- 
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soluble. A contaminated surface, on the other hand, resists compression. 
It is just that action of resisting compression which makes the effect of 
oil in quieting wave action. 

I will show you another experiment to illustrate the magnitude of these 
forces on the surface of the water. I will take this tray full of clean water, 
and will render the surface visible with a little sulfur powder. Then I 
will put a barrier, a strip of paper, dividing the tray into halves. I want 
to show you with how much energy this paper is forced forward by the oleic 
acid film. 





Fic. 7. ‘‘...the area from which I can blow the film of oleic acid.” 


I will cut this paper a little shorter than the width of the tray so it will 
move along the sides. I will now place on the surface a little oleic acid 
(Fig. 8), and you see that the paper is immediately forced back to the end 
of the tray (Fig. 9). 





Fic. 8. ‘‘...a little oleic acid...” Fic. 9. ‘‘... the paper is immediately forced 
back to the end of the tray.” 


You have noticed that a small amount of oleic acid will spread out only 
to a certain extent, or over a certain area, on water. This phenomenon was 
apparently first noticed, or at least first published, by Miss Pockels in 1891. 
She found that the surface tension of water was not appreciably affected by 
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small amounts of oil; only when you increase the amount to a certain definite 
value does the surface tension begin to change. 

This was given a very simple explanation in 1898 when Lord Rayleigh 
assumed that an oil film consists of a single layer of oil molecules—what we 
now call a monomolecular film. If this is so, it explains immediately these 
fundamental properties of oil films—their tendency to spread out over certain 
distances and not beyond those distances. 





Fic. 10. ‘‘....corresponds to the thermal motion or agitation of 
molecules.” 


You can get a more definite idea of how molecules behave on these surfaces 
by a simple illustration that I can make with steel ball bearings I am going to 
place in this tray. Let us imagine that these steel balls are molecules of oleic 
acid and that this is the surface of the water. If I put just a few 
molecules on the surface it corresponds to a water surface containing 
a very little oleic acid. A motion of this kind then corresponds to the 
thermal motion or agitation of molecules (Fig. 10). Tipping the tray 
like this would correspond to blowing on the surface of the water 
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(Fig. 11), forcing the oleic acid molecules in a certain direction. If I put a 
large number of balls over the surface, it corresponds to a large amount of 
oleic acid. By a force exerted from a strip of this sort I will move all the balls 
to one end of the tray, corresponding again to what I can do with my paper 
barrier in the case of oleic acid (Fig. 12). . 


KYUVUTK 





Fic. 11. “...corresponds to blowing on Fic. 12. ‘‘...corresponding again to what 
the surface of the water...” I can do with my paper barrier in the case 
of oleic acid.” 


An understanding of those monomolecular films explains their behavior — 
the behavior we have seen in these experiments. 

Some oils spread, and others do not. Oleic acid, olive oil, common veget able 
and animal oils spread readily on the surface of water; but mineral oils such 
as Russian mineral oil, used for medicinal purposes, or Nujol, of the same 
general character, do not spread at all on the surface of the water. 

I will now show you that action by taking this tray and putting water in it 
cleaning the surface as usual, and then, by means of this pipet, transferring 
a certain amount of Nujol to the water. I am going to ask you to look o ver 
my shoulder at the reflection of the window, and in that way you will be able 
to see the surface motion more plainly. 





Fic. 13. “.., it does not spread at all.” 
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I will put some of the Nujol on the water, and you will notice that it does 
not spread at all (Fig. 13). You can see that the water is clean by the ease with 
which the sulfur moves over the surface. If I now take some oleic acid and put 
in the center of the Nujol also, nothing happens. The reason is that the oleic 
acid has not yet peretrated through the Nujol. If I move the wire down a little 
deeper (Fig. 14) so that it penetrates through the Nujol, and the oleic acid 





Fic. 14 “If I move the wire down a little deeper, ..” 


comes in contact with the surface of the water, then there is a spreading of the 
oleic acid, carrying the Nujol with it. You will notice that the drops of Nujol 
move over the surface without any change. If I put on some more Nujol it does 
not spread; it merely collects as large drops on the surface. 

This pure hydrocarbon oil does not spread at all on the water, but a very 
small trace of oleic acid in it will cause it to spread. Only 0.00001 part of oleic 
acid will cause the Nujol to spread gradually over the surface. 

What is the difference between the hydrocarbon oil and oleic acid that is 
responsibe for the entire difference in behavior of these substances when 
spread on water? 
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I can illustrate this by giving you the chemical composition of oleic acid. 
Oleic acid consists of long molecules that have eighteen carbon atoms in a row. 
There are two carbon atoms in the center that are attached by a double bond, 
and the rest of them are connected by single bonds. Hydrogen atoms are 
attached to all the carbon atoms, until here at the end there is an oxygen atom 
tied by a double bond and an oxygen-hydrogen group held by a single bond 
(Fig. 15). This is the chemical structure of an oleic acid molecule, a very 





Fic. 15. ‘‘... here at the end there is an oxygen atom tied by a double 
bond and an oxygen-hydrogen group held by a single bond.” 


long molecule with eighteen carbon atoms, surrounded on all sides by hydro- 
gen, and at the end of the molecule what chemists call a carboxyl group consis- 
ting of two oxygen atoms, a hydrogen atom and one carbon atom, at the end 
of this chain. This carboxyl is a group that is characteristic of all fatty acid 
molecules. An oil like Nujol or a pure hydrocarbon oil has no such group as 
this. It consists simply of a long row of carbon and hydrogen atoms and we 
must, therefore, look upon this carboxyl group as being responsible for the 
spreading of oleic acid on water. In fact, if we make experiments with 
a large number of different substances, some having such groups and others 
not, we find that the presence of such a group as that carboxyl group is really 
the criterion for the spreading of the oil on the surface of the water. 

Why does this group cause spreading of oil on water? It is not hard to guess, 
at any rate. This hydrocarbon part of the molecule has properties of Nujol. 
It does not mix with water, nor dissolve. It does not even spread on water. 
This carboxyl group is characteristic of oleic acid, stearic acid, acetic acid, etc. 
All of these acid contain this group. In all it increases the solubility of the 
acid in water. Acetic acid, for example, mixes with water in all proportions. 
We see that this group is responsible for the spreading on the surface of the 
water, and it takes place undoubtedly in the following way. 

If this (a horizontal line on the blackboard) represents the surface of the 
water, and we have a molecule of this kind in contact with it, then we have 
this hydrocarbon part, hydrogen and carbon, not in contact with the water, 
and the active end, or carboxyl group, surrounding itself with water just as 


Original from 


Digtized by (SOC gle UNIVERSITY OF MICHIGAN 


Experiments with Oil on Water 239 


if it went into solution (Fig. 16). This carboxyl end dissolves in water, 
but is not able to drag this hydrocarbon part into solution. In that case the 
water becomes covered with a set of molecules which are placed beside each 
other. The whole surface of the water is covered by the single layer 
of molecules, packed tightly together side by side with their heades, or 
active ends, all in intimate contact with the water. If a globule of oleic 
acid is placed on the water it spreads so that the affinity for the water becomes 
satisfied, and yet the tendency of these hydrocarbon molecules to mix with 
one another is also satisfied. 





Fic. 16. ‘‘...the active end, or carboxyl group, surrounding itself 
with water just as if it went into solution.” 


We then see how by this conception we explain the presence of monomo- 
lecular films of oil on water. Measurements such as I have described enable 
us to do something more than was possible for Rayleigh. It enables us 
to make measurements of the shapes of the molecules. 

Lord Rayleigh found that the thickness of the film was about-one hundred 
millionth of an inch. We now can get cross-sections of the molecules and see 
if they are spherical or elongated. That is done in this way. The chemist knows, 
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largely from the work of the physicist, just how much every molecule weighs. 
He knows, for example, that a molecule of oleic acid weighs 4.6 x10— gram. 
In a given experiment we can tell how much oleic acid is put on the surface 
of the water. That can best be done by taking a very small amount of acid, 
putting it in a large, measured volume of benzol, shaking and mixing well, 
and taking out a single drop. It is dropped by this dropping pipet, which has 
been calibrated, and which transfers to the surface of the oil a very minute 
but accurately known amount of oleic acid. Knowing the weight of each mole- 
cule we can tell how many molecules we have. Knowing how much area is 
‘covered by these molecules, we can find the area occupied by each one. We can 
see from this what will be the cross-section of the molecule. 

Measurements of cross-section of various kinds of molecules furnish 
one of the best proofs of the correctness of this viewpoint of the orienta- 
tion of molecules on the surface of the water. For example, in a paper that 
I wrote about these measurements a good many years ago, I have a table 
giving the cross-sections of a large number of different molecules (Fig. 17), 
as well as the length of the molecules as determined by this method. 


| | 
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Fic. 17. ‘‘...a table, giving cross-sections of a large number of 
different molecules . . .” 





I shall show you this. Known amounts on benzol solutions of these 
various substances were placed on water, and the area of the film deter- 
mined. In that way the cross-section of each of these molecules was found. 
For example, palmitic acid, which is one of the acids which constitute soap, 
has an area of 24 x10~® square centimeters. 

Oleic acid, about which we have been talking so much, has an area of about 
48 x10-* square centimeters. You notice that these different acids are just 
alike, in that they have one COOH group, but have different lengths of hydro- 
carbon chains, yet they occupy the same area on the surface of the water. 
In other words, a cross-section of the molecule is the same, as wide as it is 
long, with an active group only at one end. As we see in this table, the length 
of the molecule increases from 19.6 to 29 as we increase the length of the 
hydrocarbon chain. 
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This substance, triolein, is the main constituent of olive oil. It is a compound 
of oleic acid and glycerin. It contains three of these active groups of oleic 
acid. Its cross-section occupies an area three times as great as oleic acid, 
showing that three chains, arranged side by side, each held by an active end 
on the water surface, increase the area. 

These measurements show very conclusively, I think, that this conception 
of the molecule as erect on the surface is correct. 


rweiwyy 





Fic. 18. ‘‘Now I can see little globules of ether floating in 
water...” 


If we have a molecule such as triolein that has three active groups, hold- 
ing three tails, we have an area three times as great as if we had only one 
such group. If we have an increased length of the chain like this, we 
get twice the thickness of the film but the same area, so we must conceive 
of these oil films as having an active end and inert tail. These tails are 
allowed to move around freely as sea-weed or eel-grass in water, and as 
the water disappears the tails untermingle. 

We must think of these things as having snake-like or grass-like _ tails, 
attached firmly at one end to the surface of the water. That conception accounts 
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for most of the properties of oil films and allows us to generalize many of 
these surface tension phenomena and get an explanation of a great many things 
that I have not had time to go into. 

I will show you another experiment that will demonstrate some of the pro- 
perties of oleic acid films on water. This is a bottle of ordinary water. I am 
going to dissolve in it some ordinary anesthetic ether, until I prepare a saturated 
solution. About five per cent by weight will dissolve. You can perhaps see 
a layer of ether floating on the water, a layer about */, inch thick. I will shake 
this; watch and see if any ether rises to the surface. A little does. I will shake 
again, and keep this up until I see the ether has gone. Then I will put 
in a little more, and in that way I get my solution saturated. Now I can see 
little globules of ether floating in the water (Fig. 18) and gradually accu- 
mulating on the surface; so I have a saturated solution. 

I am going to take some of the solution and put it in this tray. I will 
light it with a match, and flames arise from it. I now place on it a little oleic 
acid and extinguish these flames. I take the ether solution and pour a good 
deal of it into the tray, filling it pretty full so that you can see the surface very 
plainly, and also so that the flames when I set fire to the ether will not scorch 
the sides of the hard rubber tray. 

There is probably a little contamination, a little oleic acid on the surface 
since the tray was used before, so I will clean the surface by scraping, and 
now I will light the other. You see the ether in the water burning, leaving 





Fic. 19. ‘‘. ..the ether in the water burning, leaves the water 
behind it.” 


the water behind it (Fig. 19). This fire, because of the water, is not so dan- 
gerous as ether fires alone. 

Not at this end I will put in a little oleic acid. Watch the fire become 
gradually extinguished until it goes out entirely (Fig. 20). This surface, now 
covered with oleic acid, cannot be ignited, as you see. But if I put this glass 
rod down and stir it from underneath, I immediately get flashes. If I stir 
vigorously enough, you can see that it burns; and if I stop stirring, it goes 
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out (Fig. 21). This experiment seems to show that a film of oleic acid is 
impermeable to ether—that ether does not get out of the solution because 
the acid film is present. The fact is borne out if we make measurements 
of loss of weight. 

In some other experiments I have taken some of these five per cent 
solutions, put weighed amounts in glass dishes, covered one with oleic acid 
and not covered the other. A current of air was blown on both, and after a 
definite time interval we weighed them again and found what the loss of 
weight had been. We have found that the ether solution loses weight about 
nine times as fast if it is not covered with oleic acid; in other words, oleic acid 
cuts the evaporation down to about one-ninth. 
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Fic. 20. ‘*. ..the fire gradually extinguished Fic. 21. ‘‘... if I stop stirring, it goes out’’. 
until it goes out entirely.” 


It would seem that such an impermeability would be very important in 
biological phenomena. Unfortunately, more experiments seem to have shown 
that this impermeability of films is certainly not shown by this experiment. 
The interpretation is really a different one. 

If we watch very carefully the surface of water that is covered with ether, 
we find it is in a constant state of motion. There are currents set up in the 
water, and these currents are stopped by a film of oleic acid. 

I want to show you an experiment that will demonstrate these motions. 
This tray has just been filled with the ether solution. I want you to see the 
surface of the ether, looking toward the window at the reflection in the surface. 
I have just cleaned this surface of ether solution by scraping it. If I now 
blow on this surface, you see that it twitches, and motions are set up (Fig. 
22) in the surface because of evaporation of ether in some places more than 
others. 

I will blow again, and again, to show what these motions are. I put a little 
sulfur on the part of the surface which appears to be contaminated with a 
little oil. The other parts are in a very active state of motion. If I put a little 
oleic acid on the part that is covered with the sulfur and allow it to spread 
over the surface, these motions now stop. 
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I blow, and this only causes about the same disturbance as if I should 
blow on ordinary water. I blow again, and there is just a slight surface 
motion (Fig. 23). 

I will scrape the surface again to get rid of the oleic acid film, and show 
that the failure of the surface to move when I blow on it is not because of 
lack of ether, but due to the presence of a film on the surface. Again the 
surface moves, when the oleic acid film is removed. I blow and get a 
twitching motion. 





Fic. 22. “‘... it twitches, and motions are set up...” 


I will divide this surface, which is relatively clean, into halves, and put 
oleic acid on one half only. If I blow, you will see that one side without 
oleic acid moves vigorously, and the other practically not at all. 

Also, if I light this with a match, only this half without oleic acid burns 
(Fig. 24). The other contains no other vapor over the free surface. The 
stopping of the motion of the surface when oleic acid is put on the water 
surface is the real cause of the decreased rate in the evaporation of the ether. 
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I will explain that. If we consider free surface of water, the ether molecules 
that are in solution will be continually moving or diffusing to the surface, and 
there they behave just as camphor molecules or oleic acid molecules do. Ether 
is one of the substances that tends to spread over the surface of water. 





Fic. 23. ‘‘...just a slight surface motion.” Fic. 24. “...only this half burns.” 


Let us consider a free surface from which evaporation is taking place. 
That is, let us consider that here on the surface there is a strong current of 
air causing evaporation. The ether is diffusing upward over the whole surface, 
covering the surface with a single layer of ether molecules. Now evaporation 
removes the molecules from this point, and these molecules are continually 
being replaced from the bottom, and are being crowded against one another 
because they are all trying to occupy space in the surface. 
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Fic. 25. ‘‘...causes circulation of liquid Fic. 26. “‘...underneath that is an ether 
down here and up here .” solution ...”° 


Therefore, evaporation of the ether from this point causes motion of the 
surface toward this point, and causes circulation of liquid down here and up 
here (Fig. 25). This circulation stirs the whole mass of liquid and keeps up 
the supply of ether molecules right at the point at which evaporation is taking 
place. 
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Let us compare that with the case of a surface covered with oleic acid. 
If we have a layer of oleic acid molecules on the surface and, underneath that, 
an ether solution (Fig. 26), the ether can penetrate through the oleic acid 
quite easily. But there can be no lateral surface currents, so here you get a 
region from which the ether has evaporated. It is that action of oleic acid 
which stops the evaporation of the ether. The ether has to come up through 
the liquid by diffusion, and that exhausts the liquid here, so that we get 
a surface which becomes exhausted instead of being constantly replenished. 

The real rate of evaporation is determined by the rate at which it gets 
out through the air. With oleic acid films it is determined by the rate at 
which it gets out through the water. We see that these experiments with ether 
in water do not throw any definite light on the question of the impermeability 
of these films for dissolved substances. 

In biology, however, we know that cell walls are exesnondinaiily imper- 
vious to certain substances. That is, it is the ability of cell walls to prevent 
diffusion of hydrochloric acid that makes it possible for cells to exist in acid 
surroundings. When hydrochloric acid gets through cell walls it kills the 
cells, which explains the poisoning effect of mustard gas. 

A film of oleic acid on pure water does not seem to affect the rate of eva- 
poration of the water. You cannot measure the rate of evaporation of water 
under ordinary conditions at atmospheric pressure—with a fan, for example— 
the reason being that we are really measuring the rate of diffusion of vapor 
through the air. By working in a vacuum, Professor Rideal was able to; show 
that the rate of evaporation was cut down by an oil film a great deal—as a 
matter of fact, to about 7/soth of what it would be without a film. 

I have tried a great many different substances on water at atmospheric 
pressure, and I find only one which, at molecular thickness, does cut down 
the rate of evaporation of the water. That is cetyl alcohol corresponding 
to eighteen atoms—the same as oleic acid—with an OH group at the end 
instead of COOH. This cuts down the rate of evaporation in vacuum 
30,000-fold, or cuts down the rate of evaporation at ordinary pressure to 
about one-half. So the permeability of cell walls is something that we 
have a little light on from this work; but I do believe that future work in 
this field will help to throw a great deal of light on the structure of cell walls 
and the mechanism of living processes. 
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OIL LENSES ON WATER AND THE NATURE OF 
MONOMOLECULAR EXPANDED FILMS 


Journal of Chemical Physics 
Vol. I, No. 11, 756, November (1953). 


A higher hydrocarbon, such as tetradecane, on the surface of water forms a. circular lens. 
The condition for the formation of such stable lenses is that the spreading coefficient Fs = y,—y3— 
—VY1z shall be negative. As the volume of the oil lens is increased, the thickness ¢ at the center 
slowly approaches a limiting value given by too* = —2 F,0:/g0s(0:—@2). Equations are given by 
which F, can be accurately determined from measurements of the radii of large lenses of known 
volume. The magnitude of the linear tension at the lens boundary is also calculated. Experiments 
with tetradecane on water at 25°C give Fs = —6.2 dynes cm™! and y = 26.9. When hydrophilic 
molecules are introduced into the interface between the lens and the water, they give a spreading 
force F,, which causes a decrease in — Fs and in t. When t < 0.1 mm gravitational effects are 
negligible and the lens degenerates into a duplex film. If such a film is confined by a movable 
barrier (piston), the force per unit length F exerted on the barrier is equal to Fs. If the adsorbed 
molecules at the interface give a force F,, in accord with the laws, then (F—Fy)(a—a,) = kT 
gives the equation of state of the duplex film, where F, is the value of Fs in the absence of 
hydrophilic substances. It is shown that this equation applies to expanded oil films on water 
and that these are properly regarded as duplex films although they are monomolecular. The 
presence of a kink in the observed F—a curves is attributed to the sudden apperance of micelles, 
each containing fB-molecules when Fi, rises to a critical value. For the fatty acids on dilute 
HCl, 8 = 13. This small value is due to the crowding apart of the heads because of hydration. 
The esters show little or no hydration and B = 60. The heat of formation of the micelles in 
the fatty acids is found to be 5.5+0.24n kg cal. per mole where n is the number of carbon 
atoms. The values of F, and a, for various substances are determined from data given by Adam. 


Fatty acids and similar organic substances spread over the surface of water 
to form monomolecular films in which the active groups or heads are in contact 
with the water while the hydrocarbon chains or tails form a layer above the 
plane containing the heads. When such films are compressed by a force F 
(dynes per cm), they form condensed films having an area 20.5.4? for each 
molecule. This area is identical with the cross-sectional area of the molecules 
in stearic acid crystals in a plane parallel to that occupied by the heads of the 
molecules. Since this plane makes an angle of 63° 38’ with the axis of the 
hydrocarbon chains, there is strong evidence that the hydrocarbon chains 
in these condensed films of normal fatty acids on water are inclined about 27° 
from the vertical. 


{Evrtor’s Nore: Printed in Stevens Institute Indicator, Vol. 24 (1907)]. 
1 Alex. Miller, Proc Roy. Soc. (London) A114, 542 (1927). 
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With the lower fatty acids, such as lautric and myristic acids, when the 
films are only slightly compressed, they occupy much larger areas than 20.5A*. 
There are many different substances which give, under these conditions, 
a rather definite area of about 50A* per molecule. Adam has called these films 
liquid expanded films. The tendency to form these expanded films increases 
as the hydrocarbon chain is shortened, or as the temperature is raised, the 
effect of each additional CH, group in the chain being equivalent to a lowering 
of temperature of about 8°C. 

In two papers*® in 1925 I offered an explanation of the existence of 
these expanded films. I pointed out that in these films there are really two 
surfaces which form the upper and lower boundaries of the hydrocarbon 
part of the film. Since the thicknesses of these films are several times that 
of the hydrocarbon chain, the region between these boundaries must be regarded 
as es:entially a typical hydrocarbon liquid in which the molecules possess all 
the natural freedom of motion of such liquids with the single restriction that 
the molecules are constrained to keep one end in contact with the lower surface. 
A higher normal hydrocarbon liquid on a water surface does not. spread; 
it must therefore require a definite spreading force F to pull a hydrocarbon 
liquid out over a water surface to form an expanded film. Such a force must 
have its origin in some property imparted by the heads. At the interface between 
the hydrocarbon liquid and the underlying water there are, in the case of 
a fatty acid film, carboxyl groups. Even if these do not exert repulsive forces 
on one another, they should at least tend td spread within the available surface 
as a two-dimensional gas, and thus exert a two-dimensional gas pressure F 
which will counteract the normal tendency of the hydrocarbon layer to draw 
together. 

It was shown that this theory leads to an equation of state of the form 

(F—F,) (a—a;) = kT. 
By taking the values F, = —13 and a, = 18, this gave very satisfactory agree- 
ment with Adam’s early data** for myristic acid at 32.5°. This theory as given 
in the papers referred to was presented briefly in about four pages and. there 
was no detailed analysis of the expeimental curves. 

Adam has definitely rejected this theory.‘ For example, in his book he 
says: 

Langmuir suggested that the molecules adhere by their chains, and that the heads are in 


a state of constant agitation, the chains tending to make a condensed, and the heads a gaseous 
film. But since it is not the length of the chains, but the nature of the heads, which, deter- 


2 I. Langmuir, Colloid Symposium Monograph 3, 48 (1925) 

3 I. Langmuir, an article, The Effects of Molecular Dissymmetry on the Properties of Matter, 
in a book entitled Colloid Chemistry, Jerome Alexander, 1, 525 (1926). 

38 N. K. Adam, Proc. Roy. Soc. A101, 516 (1922). 

4 N. K. Adam, Physics and Chemistry of Surfaces, Clarendon Press (1930), p. 75. 
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mine whether the films are liquid or vapor expanded, and since those heads which probably 
have the greatest attraction for one another laterally form liquid expanded films, a better suggest- 
ion seems to be the reverse of Langmuir’s, that the heads tend to hold the molecules together, 
while the chains try to disrupt the film. 

Adam considers, however, that ‘‘the detailed structure of the liquid expanded 
films is difficult to decide’. 

Rideal® offers no explanation of expanded films and does not accept those 
previously proposed by the writer. 

The evidence in support of the theory proposed is, however, so striking 
that it needs to be presented in more detail than has been done previously. 
It is clear that Adam has misunderstood the theory and does not see its wide- 
spread application to his own experimental data. A recent more thorough exa- 
mination of Adam’s published results has led me to extend the theory that I 
proposed in 1925 so that it now seems to offer a nearly complete theory of all 
observed characteristics of expanded films. 


Characteristics of Typical Monomolecular Films 


The complete curve giving F as a function of a, the area per molecule, 
such as that represented by Fig. 1, represents essentially an equation of state 
for a 2-dimensional system which may contain gas, liquid and solid 
phases. The lines shown in Fig. 1 may not all be observable with any single 
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Fic. 1. Diagram of F—a curves for typical monomolecular films. 


substance for reasons that will be discussed later. Since only positive values 
of F are directly observable, all those portions of the curves which correspond 
to negative values in Fig. 1 can be inferred only from theoretical considera- 
tions. 

The line AGH corresponds to a typical condensed film such as that of 
stearic acid on pure water at room temperature. When such fatty acids are 
placed on water containing dilute hydrochloric acid, a break occurs at G so 


5 E. K. Rideal, Introduction to Surface Chemistry, Cambridge University Press, pp. 101-104. 
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that the curve below G is given by BG. Adam believes that the area corres- 
ponding to B is that of the heads of the molecules. 

With a liquid expanded film such as myristic acid on dilute hydrochloric 
acid, the observed F—a curve leaves the line GB near R and gradually 
flattens out as it approaches J where there is a sharp kink, and it then falls 
more rapidly along a line JK to avdefinite point M. It then extends hori- 
zontally along the line MN until at some point N it begins to fall again 
approaching the horizontal axis asymptotically as a continues to increase. The 
theory proposed in 1925 indicated that the line JK is part of a rectangular 
hyperbola in which the horizontal asymptote ST lies at a distance F, below 
the horizontal axis OX, and the vertical asymptote is represented by the 
dotted line at V corresponding to an abscissa ap. 

It is the plan of the present paper to develop a theory which gives the 
mechanism underlying each part of the broken line shown in Fig. 1, and by 
which quantitative information regarding the fundamental properties of mo- 
lecules may be obtained. 


Large Free Lenses of Oil on Water 


Let us consider the conditions for equilibrium between a pure water 
surface (I) and a thin layer of an oil (II) placed upon the water. We assume 
provisionally that the film, although of a thickness large compared to that 
of the oil molecules, is yet so thin that gravity plays no appreciable part 
in causing it to flow out over the surface. We are then surely justified in 
assuming that the oil film has an upper surface (surface tension y,) and a 
lower surface (interfacial tension y,,) which do not influence one another. 

For equilibrium between this thin oil film and the water it is necessary 
that the surface tension y, of the water shall balance the sum of y, and 73 
for the film. Let us put 

Fs=y1—ya-Yia (1) 

If F, >0, that is, if y, is greater than y,+71,, the oil spreads over the 
water until it covers the whole surface or until the film becomes so nearly 
monomolecular that +1, increases to the value y;. 

If F, <0, the oil film contracts and gathers into one or more lenses of 
such thickness that gravity can prevent any further contraction. Harkins has 
called F, the spreading coefficient. 

Harkins’ data* for normal chain hydrocarbons on water show that F, is 
+3.3 for hexane, 1.7 for heptane, and 0.3 (dynes cm-) for octane. No data 
seem to be available for y,, or F, for the higher liquid hydrocarbons. If, 
however, the rate of decrease of F, per CH; observed by Harkins continues 
beyond octane, the value of hexadecane should be F,=—11.7. For paraffin 


* W. D. Harkins, Colloid Symposium Monograph 6, 26 (1928). 
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oil (Squibbs’ petrolatum) which probably consists mostly of saturated cyclic 
hydrocarbons, Harkins* has found F,=—13.69 at 20°C. 

A simple direct method for determining F, for nonspreading substances 
consists in measuring the diameters D of very large lenses formed when 
known volumes V of oil are placed on surfaces of water. Except when the 
density of the oil is very close to that of water, the curvature of the inter- 
face between the oil and the water becomes negligible at a distance of 2 or 
3 cm from the edge of the lens. For lenses of a diameter greater than about 
6 cm, the central part of the lens is thus of a uniform thickness. For a series 
of lenses of increasing radius R, the central thickness ¢ slowly approaches 
a limiting value ¢,, which may be readily calculated by the following method. 

Let z be a coordinate which measures vertical distances upward from the 
plane of the water surface (far from the boundary of the lens). Then since 
the oil is lighter than water (and only such oils can form large lenses), Z,, 
the level of the upper surface of the lens, will have a positive value. The 
pressure at the lower surface (the interface) at Z,, must be the same as in 
the water phase at the same level. This condition gives 


Z,=t(0:—0s)/e1 (2) 


Z=—tor/01, (3) 


where Q, is the density of the water and g, that of the oil. 

Consider now a lens so large that the curvature of the boundary is negligible. 
The total force per unit length acting across a portion of a vertical plane 
cutting the lens far from the boundary consists of the surface tension forces 
yityig and the hydrostatic liquid pressures. From the free surface down to 
the depth y in any liquid this latter force is the pressure integral f p dy and 
is thus equal to (1/2)gpy?. Thus down to the interface at Z,, the total 
spreading force per unit length in the central part of the large lens is 


F, = (1/2) gext?@—y,—Y13- (4) 
For equilibrium, this must equal the spreading force F, in the water, remote 
from the lens boundary, down to the same depth Z,,. This force is 


and 


F, = (1/2)g0:Z3:—"1- (5) 

Equating F, and F,, eliminating Z,, by Eq. (3), and combining with Eq. 
(1) we have 

0, = —2Fs01/ges(0:—@2)- (6) 


From a knowledge of t,, we can thus calculate the spreading coefficient Fy. 
The actual thickness ¢ at the center of a lens, however, often differs from t., 
by as much as one per cent even for lenses as large as 60 cm in diameter. This 
is due to the fact that there is a linear tension f (a one-dimensional analogue 
of pressure) along the perimeter of the lens acting to keep the lens in a circular 
form. This force, which is of considerable magnitude (6.5 dynes for paraffin 
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oil on water) must be balanced by an increase in the spreading force F,—F, 
by means of an increase in t, just as the surface tension in a soap bubble is 
balanced by the increased air pressure within the bubble. This effect can be 
taken into account by subtracting a term f/R from the 2nd member of Eq. 
(4) before equating to F,. In this way we obtain 


? = #,(1—f/F,R). (7) 


Calculation of the Linear Tension of a 
Cylindrical Lens Boundary 


A plane through the vertical axis of symmetry of a large lens cuts the free 
surfaces and the interface in the manner illustrated in Fig. 2. As R is made 
to increase indefinitely, the surfaces represented by the meridian curves in this 
figure become noncircular cylinders with horizontal elements. 





Fic. 2. Profile of a lens on water. 


Consider now the horizontal forces acting across a vertical plane which is 
perpendicular to the meridian plane, but near the lens boundary. Let a be the 
angle which the tangent to any meridian makes with a horizontal plane and 
lety be the vertical distance of any point from the horizontal plane at which 
a=0. 

If we take the spreading force F (associated with any surface) to be zero 
when the surface is horizontal (a2 = 0), then we have for the spreading 
force F, in a radial direction 


F, = y(1—cosa)— 2 goy*. (8) 
For equilibrium, with a truly cylindrical lens boundary, F, must be constant 
and hence equal to zero.. Thus putting F, = 0 we obtain 


y® = a®(1—cosa), (9) 
where a is the Laplace capillary constant defined by 
a? = 2y/g Ag (10) 


and Ag is the difference of density on the two sides of a phase boundary. 
Eq. (9) may also be written 

y = 2a sin(a/2). (11) 
An equation of this form holds for each of the three surfaces. 


Google 


Oil Lenses on Water and Nature of Monomolecular Expanded Films 253 


Now consider the horizontal forces acting across the meridian plane near 
a lens boundary. Here the surface tension force per unit of horizontal distance 
is y/cosa (instead of ycosa in the formed case) and thus we have 
F, = y(1—1/cosa)—}goy*. (12) 
Eliminating y by using Eq. (8) after putting F, = 0 we have 
F, = y(cosa—1/cosa) = —y sin?a/cosa. (13) 
There is thus a negative spreading force (tension) in a horizontal direction 
which is perpendicular to that of the slope of the surface. The tension f cor- 
responding to any one of the three surfaces that meet at the lens boundary at J 
is obtained as an integral { F,dx. We may put 
dx = (dx/dy). (dy/da)da, 
in which dx/dy = cosa/sina and 
dy/da = a sina sina/a(1—cosa)"". 
Wit the value of F, from Eq. (13) we thus find 


f= (ya/2) f sin® a(1—cosa)-"* da 
or 
f = (2(2)"73]yalt—cos*(A/2)]. (14) 


Here the integration has been carried from a = 0 to A, the angle a at the 
junction J where the three surface meet. The total linear tension acting 
along the perimeter of the lens is the sum of three terms 


f=fAththa (15) 


found from Eq. (14) by inserting the appropriate values of a and A. Since A 
is a rather small angle in most cases, it is useful to expand. Eq. (14) in powers 
of A obtaining 

f= (24/4) yaA?[1— (7/48) A? +--+]. (16) 


The Meridian Curves at a Lens Boundary 


The effect of the linear tension in modifying the profile curves shown 
in Fig. 2 for lenses of moderate size may now be determined. A horizontal 
plane through the junction J allows us to apply our equations separately 
to the three phase boundaries. Consider, for example, the free water surface. 
For a lens of moderate size the spreading force F, fiven by Eq. (8) is not 
everywhere zero as in the cylindrical case but at any point P where a differs 
appreciably from zero, it must have a:value which balances the effect of the 
linear tension of the parts ‘of the surface outside of P. We may thus put 


Fz =fi/R (17) 
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where R, is an effective radius at which the tension may be regarded as being 
concentrated. In Fig. 2 the positions of R,, Ry, and Ry, have been chosen 
so that the two shaded areas (shown only for Rs) are equal. This assumption 
gives for moderate values of A 


R, = R+a,/2"*. (18) 
Combining Eqs. (8), (17) and (10) we thus obtain? 
af/aj = 1—cosa,—f,/y, Ri (19) 


in place of Eq. (9). It should be noted that the values of f, in this equation is 
to be obtained from Eq. (14) by replacing A by a,. Similarly for the other 
two surfaces we have 


(%,—20)'/az = 1—cosa, +fz/ygRe (20) 

and 
(%—315)*/aig = 1—cosaygtfie/Vi2Ria, (21) 
where R, and R,, are obtained from equations like (18) except that the sign 


of the last terms is reversed. : 
If we apply Eqs. (19), (20) and (21) to the junction J in Fig. 2, we obtain 


a§/aj = 1—cosA—f,/y,R,, (22) 
(Z,—20)*/a} = 1—cos A, +fa/y2Ry, (23) 
(%—2Zy2)*/aig = 1—co8 Ay, +fi2/7iaRis- (24) 


Expanding the first members of the last two equations, combining with the 
first equation so as to eliminate 2, and eliminating Z, and Z,, by Eqs. 
(2) and (3) we obtain 


3gt*(Q1—@2) 02/01 = —(¥1—Ya—V12 + (71 C08. A; — yg C08 Az—7q C08 Aj9) 
+(fi/Rithy/Rathi/Ris). (25) 


For equilibrium between the horizontal components of the surface tensions 
at the junction J we must have 


71 COSA, = y, COS Ag +713 COS Ajs. (26) 
Using this relation and introducing Fy by Eq. (1) into Eq. (25) we find 
# = [201/gea(e:—es)] [—Fs + (fi/Ri the/Retfa/Ru)], (27) 


which agrees with Eqs. (6) and (7) except that the effective radii R,, R, and 
R,, are now no longer identified with R. 


7 If the values of f, and R, by Eqs. (14) and (18) are inserted in these equations they 
may readily be shown to be identical with a rather complicated equation given by Poisson 
in his book Nouvelle Theorie de |’ Action Capillaire as quoted in the Handb. der Exp. Physik 
VI, 98 (1928). 


Google 


Oil Lenses on Water and Nature of Monomolecular Expanded Films 255 


Volume of Lens 
If the lens is of sufficient size to give a uniform thickness ¢ in the central 
part then the volume V is 
V = 2R*t—2R(a}, sin A,,—ai sin A,). (28) 
This may be understood readily from the fact that the vertical component 
y sin A of the surface tension at the junction multiplied by the perimeter 
2xR must be the buoyant force egMV of the displaced volume AV resulting 
from the deviations of the surface from the horizontal. 


Contact Angles and the Values of A 


The relation of the angles A,, A, and Aj, at the junction J to the contact 
angles is given in Fig. 3. The angles subtended by the three phases at the 





Fic. 3. Contact angles at a lens boundary. 


junction J are x—B,, B, and x—By,. These angles are related to the three 
surface tensions by 


cos By = (yi—yi+72)/2y1 712 (29) 
cos By = (y¥i+73—7i2)/2y1725 (30) 
B, = B,+B;. (31) 
Combining these equations with Eq. (1) we have 
sin® (B,/2) = —F(2y,+Fs)/4y1712 (32) 
sin* (B,/2) = —F;(2y12-+F's)/4172- (33) 


Thus the angles approach zero as —F, decreases to zero. From Fig. 3 we 
see that 


A, = A,—B;, (34) 
Ay =, A, +B,. (35) 


The value of A, may be obtained from Eqs. (22) to (24). Taking A to 
be a sufficiently small angle so that (1/24)A* can be neglected in comparison 
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with unity, we may expand 1— soc A in Eqs. (22) and (23). Introducing the 
values of f from Eq. (16) after inserting the value of Rj, etc., from Eq. (18) 
and eliminating Z, and Z,, by Eqs. (2) and (3), we may obtain from Eqs. 
(22) and (23) the following 


6,A, = —2'22,, (36) 
6, A, = —2"?[(0,—@2/e1)t—40], (37) 
where 
by = a,[1—(2"/4) a,/R +3/16)az/R?] (38) 
and 
by = ay[1 +(24!9/4ay/R +(3/16)a1/Rt). (39) 


Eliminating z, we obtain a single equation A, and A,. By Eq. (34) we may then 
eliminate A, and obtain 
b,Bs— (0:—@2)2"!?t/o, 
CT Ch ahge aa 








Measurements of the Diameters of Lenses 


By placing measured volumes (or weights) of oil on a water surface and 
measuring the diameters of the circular lenses that are formed, a series of 
values of V and R in Eq. (28) are obtained. By inserting the values of t 
from Eq. (7) or (27) and dividing by R*, this equation may be put in the 
form 

V/nR* = t..—C,/R+C,/R*, (41) 
where C, and C, can be expressed in terms of the angles A,,. and A,,, the 
values of A, and A, for a lens of very large diameter. Experimentally we may 
thus obtain ¢,, by plotting the average lens thickness V/nR* against 1/R and 
extrapolating back to the intercept t,, at 1/R = 0. This extrapolation may be 
greatly facilitated by knowledge of the theoretical values of C, and C, that can 
be obtained by the foregoing methods, from even approximate values of y,, 
v2, and 7... From the values of t,, thus obtained, F, may be calculated from 
Eq. (6). If y, and y, are known, 7;, can then be determined from Eq. (1), 
and in this way new values of A,, C, and C, can be obtained for more accurate 
calculations of t,.. 

The measurements of the diameters of lens thus provides a method of 
determining the interfacial surface tension y,,. The method becomes increas- 
ingly accurate as F, approaches zero. Instead of calculating A, by Eq. (40) 
from surface tension data, it is very easy to make direct accurate measurements 
of A, and A, by an optical goniometer sighted at the junction J of large 
lenses. Of course such measurements by themselves give B, by Eq. (34) and 
thus by Eq. (30) give y,, when y, and y, are known, but when Fs is small, still 
greater accuracy can be obtained by combining these measurements with 
determinations of the lens diameters. 
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It is also a simple matter to measure directly the linear tension f,, for 
a boundary of zero curvature and thus determine the relation of ¢ and ¢,,. This 
may be done by inserting two parallel vertically placed metal strips into a lens 
on water. One of these strips is attached to the vertical pointer of a balance 
(a balance to measure horizontal forces). The second strip may then be 
moved away from the first one so that the lens becomes so distorted as to 
become approximately rectangular with parallel sides. The force exerted on 
the other strip as indicated by the balance, is thus 2f,.. 

If such measurements of f,, are combined with direct measurements of t, 
t.. and thus F, may be determined by Eqs. (7) and (6) without needing to 
know the angles A. By using two sharp points attached to micrometers arranged 
so that one point can be brought in contact with the upper and the other with 
the lower surface, accurate measurements of ¢ can be made. 

These various methods thus provide us with accurate determinations of 7,2. 
They have the advantage over the drop weight method usually used, that they 
are purely static methods and that they permit us to study the effects of known 
amounts of adsorbed substances at the interface by the methods which will 
be described in a later section. 


Experimental Data on the Diameters of Lenses 


Weighed amounts of Squibb’s petrolatum were placed on a large tray (45 x 
75 cm) full of distilled water at 24°C, which was then covered by a sheet of 
glass to eliminate air currents. The diameters of the lenses were measured 
to 0.1 mm. The values of V/zR?, plotted as a function of 1/R, are indicated 
in Fig. 4 by small circles. 

The family of curves in this figure represent the calculated relation of 
V/nxR* to 1/R according to Eq. (28) based upon the various assumed values 
of y,, which are given on the curves. It is seen that the experimental points, 
except for lenses of small diameter, agree with the curve for y,, = 53.0 dynes 
cm, The value of t,, = 0.4806 cm, given by the intercept of this curve on 
the V/xR? axis, corresponds to F, = —11.37. 

Harkins‘ found for this oil at 20°C, by the drop weight method, y, = 31.12; 
Vig = 55.32, F, = —13.69. This high value of y,, is incompatible with our 
measurements on lenses. To find whether impurities were present in the oil 
which could lower y,;, a portion was shaken with Fuller’s earth and centri- 
fuged, but the lens diameter remained unchanged. We have checked Harkins’ 
value of y, by Wilhelmy’s method obtaining y, = 30.8 at 23.5°C, which 
should correspond to 31.1 at 20°C. 

The method of calculating the curves in Fig. 4 may be illustrated by the 
curve for 7,, = 53.0. Taking 9, = 0.8849 (measured at 20°C), 0, = 0.9982, 
Y1 = 72.75 we find by Eq. (1), F, = —11.37 and by Eq. (6) to = 0.4806. 
By Eq. (10) we get a, = 0.3949; a, = 0.2681; a,, = 0.9768. Eqs. (32) and 
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(33) give B, = 0.3894; B, = 0.7039 radians. By Eq. (40) for R = oo we find 
A, = 0.1682 and Eqs. (34) and (35) give As = —0.5337; Aj, = 0.5576. 
By Eq. (16) we obtain f, = 0.29; f, = 0.81; fig = 5.44, and by Eq. (15) 
Ff = 6.54. Substituting these values into Eq. (27), taking the square root and 
expanding as a series in powers of 1/R we have 


t = 0.4806(1 +0.288/R +0.127/R?). 
From this, by Eqs. (40), (38) and (39) we find 
A, = 0.1676(1 +0.0063/R) 
and similar expressions for A, and A,, by Eqs. (34) and (35). Finally Eq. 


(28) gives 
V/xR* = 0.4806—0.4929/R +-0.0602/R?, 
which is the equation of the uppermost curve in Fig. 4. 
Some measurements were also made of lenses of purified tetradecane on 
water at 25°C. The tetradecane from Eastman was found to spread actively 
in water indicating the presence of hydrophilic substances equivalent to about 
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Fic. 4. Calculated curves giving V/R* (in cm) as a function of 1/R (in cm™) 

for lenses of petrolatum on water at 20°C taking y,-= 31.12 and the values 

of y:: marked on the curves. The dashed line is calculated for tetradecane on 

water at 25°C with y,= 26.9, 71, = 51.3. The experimental data for petrolatum 
are marked by circles and for tetradecane by crosses. 
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one per cent of stearic acid. Purification was tried by shaking with fuming 
sulphuric acid and washing with water. About 6-8 treatments gave a sample 
that did not spread. Agitation with Fuller’s earth, and removal of the latter by 
centrifuging, was found to be far more convenient and effective. The purified 
material behaves markedly different when placed on water: it does not spread 
and a large lens showse xtraordinary tendencies to break up into small lenses, 
for example, when touched by a clean wet stirring rod. The points marked 
by crosses in Fig. 4 give the results of these measurements. 

The surface tension y, of tetradecane at 23.5°C by Wilhelmy’s method was 
found to be 27.0 corresponding to 26.9 at 25°C. By choosing various values 
for y,; and calculating curves for V/xR?, it was found that best agreement 
with the data was obtained with y,, = 51.3. This curve is shown as a dashed 
line in Fig. 4. The data for tetradecane on water at 25°C are: 0, = 0.9970; 
02 = 0.7615; y, = 72.0; y, = 26.9; yg = 51.3; F, = —6.2; a, = 0.3840; 
a, = 0.2690; ay, = 0.667; B, = 0.2846; B, = 0.5626; A, = 0.0908; A, 
= —0.4718; A,, = 0.3754; f, = 0.080; fy = 0.53; fig = 1.66; f = 2.30; 
A, = 0.0908 (1—0.004/R); t= 0.265 (1+40.187/R+0.053/R*); V/nR? = 
= 0.265—0.147/R +0.0141/R*. 


Effect of Adsorbed Hydrophilic Molecules 
at the Interface of a Free Lens 


It is possible by the following technique to introduce known numbers of 
molecules of certain hydrophilic compounds into the interface between the 
lens and the water. A large lens (about 10 to 20 cm in diameter) is placed on 
the surface of water in a wide tray equipped with a horizontal balance to mea- 
sure surface forces. The movable barrier is pushed back and a definite amount 
of a benzol solution of a spreadable substance, for example, stearic acid, is 
placed on the water, taking care that the amount added is insufficient to cover 
the available water surface. By advancing the barrier, the monomolecular 
stearic acid film can be compressed and pushed into the lens while the force F 
can be measured by the balance. If an equilibrium state is reached, measure- 
ments of the total area (determined by the barrier), the area of the lens, 
and the surface concentration of the film on the water give data for calculating 
the number of molecules introduced into the lens. 

Instead of attempting to obtain equilibrium between the hydrophilic 
molecules on the water surface and those in the interface, it is usually better 
after introducing a desired number of molecules into the interface to remove 
the excess of hydrophilic material from the water surface (so that y, = y,,). 
The escape of these molecules from the lens is usually such a slow process 
that it does not cause appreciable loss during measurements of the lens dia- 
meter. 


* I. Langmuir, 7. Am. Chem. Soc. 39, 1848-1906 (1917). See especially p. 1869. 
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The molecules thus introduced into the lens, if their number is not too 
great, distribute themselves uniformly over the interface under the lens, and 
lower the interfacial tension y,, (without changing y,) and thus cause a change 
in the radius of the lens. From a family of curves such as that shown in Fig. 4, 
it is then possible from measurements of R and V to determine 7,.. 

The lowering of the surface tension of pure water by the presence of adsorbed 
molecules may be usefully regarded as being due to a spreading force F of 
the two-dimensional gaseous or liquid adsorbed film. Similarly at the interface 
between water, w, and a hydrocarbon oil, R, we may put 


Fy, = Yor—Vi» (42) 


where yy, represents the interfacial surface tension between pure water and pure 
hydrocarbon when no hydrophilic substances are present in the interface. 

In this way the two-dimensional equation of state of adsorbed molecules 
at a water-oil interface can be studied in much the same way as has previously 
been done at the air-water surface. 

If the applied surface pressure is sufficiently increased, the molecules can 
be crowded into the lens in such numbers that some of them leave the inter- 
face and become dissolved in the hydrocarbon phase. The distribution of the 
molecules between the hydrocarbon phase and the interface for changes in 
12 should thus be in accord with Gibbs’ equation. In a later paper it is planned 
to report on these investigations. 

Let us consider a hydrocarbon lens which is surrounded by water having 
an uncontaminated surface, but at whose interface with water there is a known 
surface concentration 0,, of adsorbed hydrophilic molecules. The spreading 
coefficient F;, as given by Eq. (1) is then 


Fs = Yo—Ya—V nw + Fig: (43) 
Let us denote by F, the spreading coefficient for the lens on water when 
hydrophilic substances are absent so that 
Fy = Yw—Ya—Yaw* (44) 
Thus from Eqs. (43) and (44) 
F, = Fy+Fis- (45) 


We have seen that for a paraffin oil, lenses are formed which are about 
5 mm thick. As o,, is increased by adding hydrophilic molecules to the interface 
so that F,, increases, the thickness of the lens, as given by Eqs. (6) and (45), 
decreases and must approach zero when F,, becomes nearly equal to —F. 
Thus at a certain critical concentration of adsorbed molecules, free lenses 
can no longer exist, for the oil spreads out as a film over the whole of the 
available water surface (unless it thereby becomes monomolecular in thickness). 
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Confined Oi] Lenses 


Let us consider a large free oil lens with an interface containing adsorbed 
hydrophilic molecules upon an area of clean water in a tray, this area being 
limited by a movable barrier and a piston. By advancing the barrier the free 
water surface can be made to disappear so that the lens covers the whole available 
area. The lens may then be said to be a confined lens. If the area is still further 
decreased, a force F (dynes cm™) is exerted against the piston. By the same 
method as was used in the derivation of Eq. (6) and by using Eq. (45) we see that 


F = Fy+Fy,+(1/2)gost*(0s—01)/01- : (46) 

By this method of the confined lens it is thus possible to determine Fy, 
as a function of o,,. To avoid having the oil creep up onto the piston, it has 
been found useful to construct a boat-like piston with its edge slightly raised 
above the water surface. This method for the study of the equation of state 
of adsorbed molecules at an interface has the following advantages over the 
free lens method: 

(1) It is not limited (as is the free lens method) to the determination of 
values of F,, which are less than —F,. 

(2) It permits o,, to be easily and reversibly changed by the movement 
of a barrier instead of requiring separate experiments involving the production 
of lenses of different diameters or containing different numbers of hydrophilic 
molecules. 

(3) Because it possesses one more degree of freedom than the free lens 
method, it permits an independent variation of the film thickness t and so 
allows any effects dependent on ¢ to be measured. 


Duplex Oil Films F, > 0 


If the thickness of the oil film used in the confined lens method is less 
than about 0.1 mm, the last term in Eq. (46) becomes less than about 0.005 
dyne cm and is therefore negligible. The gravitational effect of film 
thickness thus disappears. We shall call such films duplex films. For these 
films we then have by Eq. (46) 

F= Fi+Fy. (47) 

Since F becomes zero when F,, <<—F), we see that by the study of duplex 
films F,, can be determined only when F,, >—Fy. 

The concept of duplex films must evidently be restricted to cases where 
we are justified in considering that the film has an upper surface and a 
lower surface (intreface) which are distinct from one another. However, in 
view of the small range of molecular forces, it is to be expected that this 
. Condition will be fulfilled until the film becomes at least approximately mono- 
molecular. In a later section we shall discuss the conditions under which 
monomolecular films may be usefully regarded as being duplex films. 
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Equation of State of Adsorbed Active 
Groups at the Interface 


The active groups or heads of the molecules of hydrophilic substances 
present at low concentration in a liquid hydrocarbon on water tend to occupy 
positions in the interface. The hydrocarbon chains of these hydrophilic 
molecules, however, being in an environment of other hydrocarbon chains, 
have no tendency of their own to go to the interface; they are free to move 
except that one end of the chain must remain attached to the active group 
at’ the interface. The thermal agitation of the heads should tend to cause 
them to become uniformly distributed over the interface. This tendency 
must manifest itself as a spreading force F,,; which could be measured by 
any agent, such as a piston, which interferes with this indefinite spreading. 
For sufficiently low surface concentration o,, of the heads in the interface, 
this force Fj, should be given by the ideal two-dimensional gas law 


Fyy = bygkT. (48) 


In studies of monatomic caesium films on tungsten® it has been shown 
that the finite area occupied by each atom or molecule can be taken into 
account by modifying this equation to 


Fy_ = 01gkT/(1—042/0y), (49) 


where dy is the maximum concentration corresponding to a close-packed 
film. If we rewrite this equation in terms of a, the area per molecule instead 
of the concentration ¢ we have 


a=1/oy, (50) 
and 
F,(a—ao) = kT, (51) 


where a, for our present purposes may be regarded as an empirical constant. 

It should be noted that this equation is based upon the assumption that 
there are no attractive or repulsive forces between the heads except those 
that prevent any two from occupying the same place at the same time. 

Of course at higher concentrations (o,,) it is conceivable that attractive 
forces between the heads might produce large deviations from Eq. (51) and 
might even cause the heads to condense into a liquid two-dimensional phase 
within the interface. Let us therefore estimate the magnitude of the forces 
between the heads and see if they are large enough to cause deviations from 
Eq. (51). 

The dipole moment of the carboxyl group on an aliphatic chain is! about 
1.4 x10 38 e.s.u. The vertical component of the dipole moment per molecule 





® I. Langmuir, ¥. Am. Chem. Soc. 54, 2798-2832 (1932). See Eq. (59). 
10 Smyth and Rogers, ¥. Am. Chem. Soc. 52, 1824 (1930). 
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for films of fatty acids on water has been found" to be about 
0.2 x10 e.s.u. 

Since the force between electrically charged bodies in a medium of 
dielectric constant ¢ is only 1/eth as great as in free space, the forces between 
dipoles immersed in water are only 1/80th as great as those given by applying 
Coulomb’s law. This decrease is, of course, due to the orientation of the 
water molecules, each of which has a dipole moment 1.8 x10-#8. It is the 
resulting large attractive force between the water molecules and the carboxyl 
group that causes the spreading of films of fatty acids on water. Similarly 
the decrease in the observed dipole moment of the carboxyl group from 1.4 
to 0.2 x10-* when brought into contact with water is to be looked upon 
as the effect of the orientation of water molecules, rather than being due 
principally to an orientation of the carboxyl group itself with respect to the 
surface as has been suggested by Adam and Harding. 

In connection with studies of caesium films on tungsten a general equation 
has been derived for the spreading force F’ resulting from the dipole forces 
between adsorbed molecules.*® The equation there given (Eq. (81)) relates to 
fictitious dipoles resulting from adsorbed ions and their induced images. For 
the real dipoles of oil films we should multiply the coefficients by 2 and 
divide by ¢ the dielectric constant so that the equation becomes 

F’ = (2/e)(3.3402M?+ 1.53 x 10-0? T18M48]), (52) 
where I < 0.89. If we put M=1.4x10-*, ¢ = 3.310" corresponding to 
a= 30A*, T= 300 and e= 80, we obtain F’ < 0.7 dyne cm~ as the effect of 
the spreading force in modifying F\, given by Eq. (51) as a result of the 
dipole attractions or repulsions between the heads. The value of Fj, for a = 30 
and a,= 10 is 20 dynes cm~}. Considering that the dipoles are probably not 
so oriented as to produce the maximum attractive or repulsive forces, it 
appears reasonably certain that the dipole forces in oil films have little effect 
in modifying Eq. (51) until the heads of the molecules are practically in 
contact. 


Equation of State for Duplex Films 


If we ignore the distinction between the upper and lower surfaces of a 
duplex film and consider the spreading force F for the whole film as given 
directly by the observed force on the piston, we obtain by combining Eqs. 
(47) and (51) 

(F—F,)(a—ay) = kT. (53) 

Taking F and a as variables, this is the equation of a rectangular 
hyperbola with asymptotes at F = F, and at a= ay. It should be noted that 


'N. K. Adam and J. B. Harding, Proc. Roy. Soc. A138,-411 (1932). 
J. H. Schilman and A.H. Hughes, Proc. Roy Soc. A138, 430 (1932). . --- -.- 
™ N. K. Adam and G. Jessop, Proc. Roy Soc. A112, 362 (1926). 
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since negative values of F cannot be observed by the balance method, the 
portion of the hyperbola below the a-axis cannot be obtained experimentally 
in the case of duplex films. If, however, we are willing to add a sufficient 
thickness of pure hydrocarbon to the film to obtain the gravitational effects 
characteristic of confined lenses, we may determine values of F,, less than 
—F, by use of Eq. (46) and from these by Eg. (47) can calculate the 
negative values of F that we cannot observe directly. 


Expanded Films of Myristic Acid as 
Examples of Duplex Films 


Fig. 5 contains a family of F—a curves for myristic acid films on 0.01N 
HCI solution obtained by Adam and Jessop. The ordinates represent the 
spreading force F in dynes cm-', and the abscissas are the areas per molecule 








Fic. 5. Experimental F—a curves for myristic acid 
films on 0.01 N HCl. 


in A*. The figures marked on each of the curves give the temperatures at 
which the measurements were made. 


1 N. K. Adam and G. Jessop, Proc. Roy. Soc. A112, 362 (1926). 
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Each curve shows a kink which corresponds to the point J in Fig. 1. The 
curves to the right of these points J are almost exactly rectangular hyperbolas. 
The constants F, and a, in Eq. (53) have been chosen separately for each 
of these curves to obtain as good fit as possible. The values of F, so obtained 
are found to be practically the same over the whole temperature range, the 
average value being 


F, = —11.2 dynes cm. (54) 

The values of a, are found to vary with the temperature in accord with the 
equation 

a, = 12+0.1788, (55) 


where ¢ is the temperature in degrees Centigrade. 





Fic. 6. Calculated F—a curves for myristic acid films. 


Introducing the values of F, and a, into Eq. (53), F has been calculated 
as a function of @ for each temperature, and the resulting values have been 
plotted in Fig. 6. In view of the fact that only three adjustable parameters 
are involved in Eqs. (53), (54) and (55), the agreement between the curves 
in Figs. 5 and 6 is remarkably good. 
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The largest discrepancies between the two families of curves are those 
for the curve at 34.4° at values of F greater than 20; these may well be 
the result of experimental error for these high temperature measurements are 
difficult. For very low values of F, F < 2, the slopes of the curves for the 
observed data are definitely less than those of the calculated curves. With 
these exceptions the root-mean-square deviation of the observed and 
calculated curves is only 0.21 dyne cm". 

A striking feature of these curves is that the F—a curves cut the horizon- 
tal axis at a rather definite angle indicating that any horizontal asymptote 
must lie at negative values of F. 

On the whole the agreement seems to be sufficiently good to justify the 
belief that these expanded films of myristic acid are essentially duplex films. 
The thickness of the films varies from 14.6A at a = 30 to 8.8A at a= 50. 
These thicknesses are far greater than the range of molecular forces exerted 
by nonpolar molecules. Since the films are liquid and of a thickness much 
less than the length of the extended molecule, 224, the molecules must be 
inclined at an average angle of about 50° from the vertical when a = 30 and 
66° when a= 50. The molecules are probably just as free to move as they 
are in the interior of any liquid except that one end of each molecule is 
constrained to remain at the interphase. It seems reasonable to assume that 
this constraint is a matter of minor importance which would lead, at most, 
to an alteration in Fy, but would not change the character of the phenomenon. 

This hypothesis that a liquid monomolecular film of molecules containing 
long hydrocarbon chains is essentially a duplex film having distinct upper 
and lower surfaces may be tested in many different ways. In the first place 
the value of F, given by Eq. (54) is in reasonable accord with the value —5.7 
which we found for tetradecane. Another test consists: of adding to the 
myristic acid before it is mixed with benzol and spread on water, various 
proportions of a pure hydrocarbon such as tetradecane. If we are right in 
considering the film to be a duplex film, the shapes of the F—a curves 
should remain practically unchanged except for a small modification due to 
a slight alteration of F,. Some preliminary experiments to test this point 
have shown that the addition of an equal weight of tetradecane to myristic 
acid produces no appreciable change in the F—a curves. Some variation in 
F, upon the addition of tetradecane may, however, result from the fact that 
the CH, group at both ends of the tetradecane molecule can occupy positions 
on the upper surface, while in the myristic acid molecule there is only one CHs 
that could take a position in the upper surface. This should have the effect of 
reducing y, in Eq. (43). This conclusion is based on several lines of evidénce 
that the field of force around a CHs group is less than that for a CH, radical. 
For example, the surface tensions of the isohydrocarbons is less than the 
n-hydrocarbons; the cleavage of crystals of. stearic acid, etc., lies along the 
planes separating the CH, groups rather than those separating the CH, groups: 
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Two Phase Duplex Films 

Adam’s curves for myristic acid in Fig. 5 show a sharp kink at a definite 
area a, and at a force F,, these points corresponding to the point Jin Fig. 1. 

Such an abrupt change in the direction of a curve must be due to the 
appearance of a new element in the system such as a new phase. 

By measurements of the electric surface potentials Schulman and Hughes* 
have found some evidence that the film is often observably heterogeneous 
for areas less than a,, while for areas less than a, (see Fig. 1) the film 
is again homogeneous. 

With two phases of constant composition in equilibrium with one another, 
F should remain constant. It is seen, however, from Fig. 5, that when a is 
less than a, each curve has a slope which is definitely not zero. At 
sufficiently low temperatures, for high values of F, the myristic acid forms 
condensed films giving curves such as HGB in Fig. 1. It would seem prob- 
able, therefore, that the new phase which appears at a is a phase of this type 
consisting of close-packed molecules. A difficulty with this hypothesis, however, 
is that this new phase should then be one of constant composition with 
definite properties. This would require that the curve RJ should be a 
horizontal line. 

Adam has demonstrated beyond any reasonable doubt that in condensed 
films of substances containing long hydrocarbon chains which give curves 
like HA in Fig. 1, the chains are closepacked just as they are in crystals 
of stearic acid. Myristic acid, however, at low temperatures and especially 
on pure water gives a break in the curve at G so that the F—a characteristic 
follows the line GB. Adam regards the area at the point B as being that 
of the heads. , 

The strong spreading tendencies of the fatty acids prove that the carboxyl 
group attaches itself very firmly to water. In the preceding section it was 
seen that the agreement of the data with Eq. (53) indicates that the forces 
acting between the carboxyl groups in the expanded films are very weak. 
This must mean that some of the water molecules become so oriented so 
as to neutralize the moment of the carboxyl group. Very strong forces must 
then exist between these carboxyl groups and the water molecules. From 
this point of view as the film is compressed to an area less than ay, the 
decrease in area is due to the progressive squeezing out of these water 
molecules until at the point G all the water has been removed from the 
spaces between the carboxyl groups. A suggestion of this kind has also been 
made by Schulman and Hughes.t 

The tendency of fatty acid films to form condensed films increases as the 
chain length increases. We may assume that the energy involved per molecule, 
when the chains become closepacked, as at the point G, is proportional to 


* Proc. Roy. Soc. A 138, 443, Ref. 12 (1932). 
t Proc. Roy. Soc. A 138, 449, Ref. 12 (1932). 
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the length of the chain. This energy is a kind of heat of fusion and should 
be of the same order of magnitude as that involved in the solidification of 
such substances as stearic acid. 

With these facts in mind we may now understand the nature of the curve 
JR. At the point J the chains of the fatty acid molecules in the film begin 
to assume the close-packed arrangement in which the molecules have a cross- 
sectional area of 20.54%. The heads of the molecules, however, because 
of their hydrated carboxyl groups, cannot space themselves on the surface 
of the water closer than 25.A?. The solidification process, therefore, can only 
proceed to a small extent by forming groups of molecules or micelles 
of the type represented diagrammatically in Fig. 7. 


B='5 
Elevation Cross section 
Fic. 7. Diagrammatic representation of a micelle. 


The crowding apart of the lower ends of the molecules cannot prevent the 
upper parts of a few adjacent molecules from arranging themselves as in 
condensed films, but no large number of molecules can gather together. in 
this way because of the crowding apart of the heads. The new phase that 
appears at the point J, therefore, consists of micelles containing relatively 
few molecules. Because the molecular weight of these micelles is not inde- 
finitely large, they therefore exert a pressure which adds itself to that of 
the phase of single molecules. Strictly speaking, the film between R and J 
is not a two-phase system, but is a mixture of two two-dimensional gases, 
one consisting of normal molecules and the other consisting of micelles each 
of which contains 8 molecules. The kink at J is due to the sudden appearance 
of the micelles at this point. On the basis of these hypotheses we may readily 
calculate the shape of the curve that we should expect between R and J. 


The Spreading Force F; Due to the Micelles 


Consider an interface having a total area S between a hydrocarbon liquid 
and water and let n be the total number of molecules in the interface which 
act as molecules in a two-dimensional gas, then the area per molecule is 
given by 

a= S/n. (56) 
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Now let us consider that the n molecules in the surface exist partly as single 
molecules and are partly gathered into micelles, each of which contains 
B-molecules. Let us assume further that an equilibrium exists between the 
micelles and the single molecules such that the partial spreading force F, 
of the single molecules remains constant as long as the micelles are present. 
Let S, be the total area at which the micelles first appear as the area is 
decreased. We may thus put 

a,=S,/n, (57) 
where a, is the area per molecule at the point J (Fig. 1) when the whole 
surface is covered with single molecules giving a spreading force F,. Let S, 
be the area of the film when it is compressed to such a point that the single 
molecules disappear so that all the molecules are present as micelles. The 
number of micelles is then 2/8, and each of these covers the area BS,/n = Bag. 
Let us now consider the intermediate stages where S,;< S<S,. Let n, 
be the number of single molecules and n, the number of micelles. We then 
have the equation, 

n, +By,p = 1. (58) 
We may derive a second equation involving the areas covered by the mole- 
cules and by the micelles. Since the partial pressure F, remains constant, 
each of the m, single molecules requires the same area a, as it does when 
the film area is S,, whereas each micelle covers the area Bag. The total 
surface areas, according to Eq. (56), gives an, and this must be equal to 
the area required by the single molecules and the micelles. We thus have 


n,a,+Bn,a, = an. (59) 
Let S, and S, be the surface concentrations of the single molecules and 
of the micelles. We then have 
op =1,/S; o, =1,/S. (60) 
Combining these equations with Eqs. (58), (59) and (56) and then dividing 
by S we obtain 


9,+Bo,=1/a, (61) 
0,4, +fogaz = 1. (62) 
Solving these equations for o, and a, we find 
og = (1/Ba) (a,—a)/(a,—ap), (63) 
a, = (1/a) (a—ag)/(a;—as). (64) 


The partial pressure F, of the micelles in accordance with Eq. (49) may 
be written 

F, = ogkT/(1—o4/opn); (65) 
where opp is the concentration of micelles at the point R. Since the number 
of micelles is then /B we have by Eq. (56) 


Opn = 7/BSy = 1/Bag. (66) 
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Substituting the values of os, and og from Eqs. (66) and (63) into Eq. 
(65) we obtain : 


F, = kT (a,—a)/Ba,(a—a;). (67) 
‘Thus between J and R the curves should be given by 
F=F,+F;, (68) 


where F, is given by Eq. (67). 

Examination of the curves in Fig. 5 shows that they are of the type 
required by this theory. There is a sharp kink at J as the theory would 
indicate but there is no kink at R where the curve joins the line GB, the 
approach to this line being asymptotic because of the denominator in the 
second member of Eq. (67). 

The values of 8 have been calculated from Adam’s data of Fig. 5. For 
this purpose the values of ag were assumed to lie along a straight line like 
GB in Fig. 1 with a value of a, of 25A?. Thus 

ay = 25—0.156F. (69) 
The values of 8 obtained in this way from the experimental data on F and 
F, by Eqs. (67) and (68) varied from about 9 to 18. For values of a only 
slightly greater than a, the accuracy of these determinations of #8 is naturally 
not large for it depends too much on the rather arbitrarily assumed 
value of ap. 

If we may assume that the molecules tend to arrange themselves in a 
hexagonal lattice like a honeycomb, each molecule should be surrounded by 
six others and the next ring of molecules should also contain 6. The number 
of molecules in a micelle may thus naturally be assumed to be 7 or 13. ‘The 
value # = 13 is approximately the average of the values found from the data 
of Fig. 5. 


Two-Dimensional Vapor Pressure of the Micelles 


The points J in Fig. 5 thus correspond to the two-dimensional vapor 
pressures of the micelles, that is, to the value F,, the spreading force due 
to the single molecules in equilibrium with micelles. If we examine Fig. 5 
we see that the points correspondig to J decrease steadily as the temperature 
is lowered and become zero at a definite temperature of about 6°. This is 
a very unreasonable behavior for a vapor pressure. When we consider, 
however, that the true vapor pressure is exerted at the interface, we see that 
the observed spreading force F does not measure this pressure. The value 
of F, is thus given by 

F, = F,—F). (70) 
With the data for F, in Fig. 5 and by using the value of F, from Eq. (54) 
the logarithms of (F,—F,) have been plotted against the reciprocals of the 
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absolute temperature. As is usual for vapor pressure curves, a straight line 
was obtained; this corresponded to the equation 
logio(F',— Fo)=8.058—1950/T. (71) 

The fact that these vapor pressures measured from Fy agree with the 
Clapeyron equation, whereas the uncorrected values do not, affords further 
justification for regarding these myristic acid films as duplex films. 

The values of F, calculated from Eq. (71) have been used to fix the 
points J given in Fig. 6 which are marked by small circles. Comparing Figs. 
6 and 5, it will be seen that the agreement is probably nearly within the 
experimental error. 

With these values of F, and ag, as given by Eq. (69) and by taking 
B=13, the curves in Fig. 6 to the left of points J have been calculated by 
Eqs. (67) and (68). The general agreement between the slopes of these 
portions of the curves and those given by the experiments indicates that the 
value of B is approximately constant and equal to 13. The reasonableness 
of this value of 8 thus helps justify the hypothesis that in this two-phase 
system the condensed phase consists of micelles. 

Comparing the curves of Figs. 6 and 5 we see that there are considerable 
discrepancies at temperatures of 5 and 2.5° and in general at very low values 
of F. The probable reason for these deviations will be discussed later. 























Tasie I 

Expanded Films of Fatty Acids on Dilute HCl at F = 1.4 Dynes cm™* 
‘Se Tea Se Sa ee a 7 UB. 

Acid | No. of le he (—F) iy 
(exons a0 | °e | (obs) | % , —Fe | (cale:) | (calc.) 
Lauric 12 | 476 | 147 ° <0°C 14.6 | 104 10.8  —9.0 
Tridecylic 13 446 13.5 <0 144 | 114 12.1 +0.2 
Myristic 14 | 437; 210 : 9 15.7 | 13.0 13.4 9.6 
Pentadecylic 15 | 42.1 23.9 | 19.5 16.2 | 16.2 14.7 18.8 
Palmitic 16 | 41.5 34.8 | 28.5 18.1 | 16.5 16.0 28.2 
Margaric 17 42.2 | 42.2 37.5 19.4 | 17.5 17.3 37.4 
Stearic 18 43.0 | 528 , 46. 21.3 | 19.2 | 18.6 46.6 
Heneicosoic 21 46.7. | 78.0 65.5 258 | 21.6 22.5 74.2 
Behenic 22 46.0 | 75.0 | 725 | 25.3 | 26 | 23.8 83.2 





Adam’s Data for Other Fatty Acids 


For the other saturated fatty. acids Adam has not published full curves 
such as those of Fig. 5 for myristic acid, but gives merely the area a,, of 
the expanded films at a standard small compression of F=1.4 dynes cm™ 
and: at some temperature. f, distinctly above the range at which expansion 
at this compression occurs. He also gives the temperature ¢,,. at which half 
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the expansion from the condensed to the expanded film has occurred at 
F=1.4 The data of the first four columns in Table I are those of Adam.}4 
The value of a,, for myristic acid is about 9 per cent lower than the value 
given in his later papers, as shown in Fig. 5, so that exact comparison with 
our foregoing analysis is not possible. 

Taking a) as given by Eq. (55) and as tabulated in column 5, we may 
calculate Fy by means of Eq. (53) from Adam’s data on a and T after placing 
F=1.4. These values, which are given in the 6th column, when plotted 
against m, lie roughly along a straight line corresponding to 

F,=4.8—1.3n. (72) 

The 7th column gives the values of —F, calculated by this equation. It 
is seen that —F, increases 1.3 dynes cm“ for each additional carbon atom. 
This agrees approximately with the increment of 1.5 which Harkins* found 
for —F, between hexane and octane. 

The temperatures ¢,), as given in the 4th column may be used to generalize 
Eq. (71) for all saturated normal fatty acids. Referring to Fig. 5, the point 
marked by a cross just below the curve for 7.2° represents half expansion 
at F=1.4 for it lies about halfway between the intersections with the curves 
corresponding respectively to JM and GB in Fig. 1. These data thus give 
about 7.0 for the temperature of half-expansion. The value of F, at this 
temperature is evidently about 0.4 lower than F=1.4, so that the spreading 
force F, of the micelles, as defined by Eq. (70) is to be taken as 1—Fy. 

Eq. (71) may be written 

logy») F, = 8.058—B,/T, (73) 
where B, is a constant which depends upon n, the number of carbon atoms 
in the fatty acid molecule. Taking the values of —F, from the 7th column 
of Table I, adding 1 to get —F, substituting this in Eq. (73) together with 
the value of T corresponding to t,,, enables us to determine B, for each acid. 
These values plotted against n give roughly a straight line corresponding to 


B, = 1208.+53.n. (74) 


To show how well these values agree with the experimental data, they 
have been used in Eq. (73) to calculate (from F, in column 7) the 
temperatures of half-expansion which are given in the 8th column. The 
agreement with the data of the 4th column is good except for the last two 
acids where, as Adam points out, the experimental accuracy is much less. 
The values of B, in Eq. (74) correspond to a heat of “evaporation” for the 
micelles of 5.52+0.242n kg cal. per mole or (3.82+1.67n)10 erg per 
molecule. 

The large value for the constant term in these expressions (5.52 kg cal.) 
suggests that more than half of the energy of formation of the micelles is 


4 N. K. Adam. Proc. Roy. Soc. A101, 521 (1922). 
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due to attractive forces between the carboxyl groups when they are in 
contact. The increment of 0.242 kg cal. per mole for each CH, should 
correspond roughly with the heat of fusion of the hydrocarbons which is 
0.60 kg cal. per CH,. Referring to Fig. 7 we see that when 13 hexagons 
are closely packed, 30 out of the original 78 hexagonal faces are still free. 
The contribution to the heat of formation of the micelle should thus only 
be 48/78ths of 0.60 or 0.37 kg cal. per CH,, even if the solidification were 
as complete as in a large crystal. The experimental increment 0.242 which 
is thus 2/3 of the heat of fusion helps justify our hypothesis of the cause of 
the micelle formation. 

It is possible by the methods we have given for myristic acid, applied to 
the data contained in Eqs. (55), (72), (73) and (74), to construct the whole 
family of F—a curves for any saturated normal fatty acid. When experimental 
data are available, it will be interesting to compare them with these 
predicted curves. 

For unsaturated fatty acids on dilute HCl, Adam™ gives the data 
contained in the first four columns of Table II. For oleic acid on dilute 
HCl at 15° Adam and Jessop have given a complete curve” which agrees 














Taste II 
Unsaturated Fatty Acids 
ne Te 4 | S 6 | 7 
Acid coe 2 |. -——| - - 
n a4 | ty, —F, % Bn 
Iso-oleic . . . 18 46 35°C 25 18.6 24.9 2016 
Oleic (trans) . 18 52.5 <0 <0 (11.2) 21.7— |. (1700) 
Elaidic(cis) | 18 47 10 —0.5 14.0 (21.7) 1875 
Erucis(trans). | 22 47 10 4.5 16.4 25.2 1892 
Brassidic(cis) . | 22 | 


45 | 40 34, 19.2 22.6 2073 | 





within a standard deviation (S.D.) of 0.24 dyne cm with Eq. (53) if we take 
a, = 19.9 and Fy = —11.2. For the corresponding saturated acid (stearic) at 
this temperature, we should have, by Eqs. (55) and (72), a) = 14.4 and 
F, = —18.6. Thus the effect of introducing the double bond in the middle 
of the hydrocarbon chain has been to increase a, by 5.2 and to decrease 
—F, by 7.2. The increase in a, indicates that the double bond tends to 
occupy a position on the water surface in accord with the known fact that 
the effect of a double bond is to increase the solubility of a hydrocarbon 
derivative in water. 

Although for the other unsaturated acids, since only a,,4 is given, we 
cannot determine a, and F, separately, we may draw certain tentative 
conclusions. 





Ma W.E. Garner, K. Van Bibber and A. M. King, ¥. Chem. Soc. (1931). 1533. 
* N. K. Adam and G. Jessop, Proc. Roy. Soc. A120, 473 (1928). 


*18 Langmuir Memorial Volume IX 
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Taking F, for oleic acid to be —11.2 from the more complete later data, 
we calculate, by Eq. (53), a = 21.7. The difference in a, for oleic and elaidic 
acids is probably due to a change in F, rather than to one in a). We thus 
take a, = 21.7 for elaidic acid and find the value of F, given in the 5th 
column. For the corresponding acids with 22 carbon atoms, assuming the 
increment of 1.3 per CH, as in Eq. (72), we take a value of —F, 5.2 units 
greater than for the 18 carbon acids. For iso-oleic acid with the double bond 
between the a, B-atoms, Fy has been taken to be the same as for stearic acid. 
The variations in the resulting values of a) are probably of no significance, 
since the data for a@,., are uncertain by about 2 units (Adam), but that they 
are on the average 7.5+2.5 larger than the values given for the saturated 
acids by Eq. (55) indicates that the general effect of the double bond is to 
raise dy. 

The values of B, in the 7th column have been calculated from t,,;, and 
1—F, by Eq. (73). They should be compared with the values of 2162 for 
stearic and 2374 for behenic acid given by Eq. (74) for »=18 and 22, 
respectively. The effect of the double bond near the carboxyl group in iso- 
oleic acid is to lower B, by 146 which is equivalent to a decrease in n of 
2.8. A double bond near the middle of the chain lowers B by an average 
of 294 (equivalent to a decrease of 5.6 in m) in the case of the cis-compounds 
elaidic and brassidic acids, while in the trans-compound erucic acid the 
decrease is 482 which corresponds to the effect of shortening the chain by 
9.1 CH, groups. 

These very large and specific effects of the double bonds near the middles 
of the chains are in striking contrast with the small changes produced on 
the JK part of the curve as derived from the data for a,,. This latter part 
depends only on F, and a), whereas the value of F, at any temperature 
(which determines B) involves all the factors that determine the stability of 
the micelles. Any irregularity in the chain naturally affects the ease with 
which the molecules can pack into a micelle. 


Compounds with Multiple Chains 


In condensed films of such substances as tristearin, glycol dipalmitin, etc., 
which have two or more chains of equal lengths, each chain occupies the 
area 20.5A? so that the area for a whole molecule increases in proportion to 
the number of chains. With expanded films, however, the area depends only 
on a, and F, and thus, according to Eq. (53), should not be expected to 
increase in proportion to the number of chains even if a, does so. Adam 
finds that the area at no compression is 135 for triolein at 15°C, while for 
tristearin and tripalmin at 60°C it is 115. He notes that these areas are 
about 2.4 instead of three times the areas of the “corresponding compounds 
with single chains”. 
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Adam" has given a complete curve for glycol dilaurate at 15°C which agrees 
within about SD = 0.2 dyne cm- with Eq. (53) if we take a, = 39 and 
F, = —8.5. Comparing this with the data for lauric acid in Table I we see 
that the value of a) has been increased very greatly, from 15 to 39, while 
—F, has decreased by 2 units. Adam and Jessop’s curve for triolein’ gives 
best agreement with Eq. (53) (rather poor) with a) = 90 and F, = —8.5. 


The Effect of Uneven Upper Surface 


Films prepared from mixtures of cholesterol and myristic acid'® on dilute 
HCI give areas less than the sum of those obtained from the constituents 
separately. 

Cholesterol consists of large compact molecules that form a condensed film 
with an area of 40.8 and a thickness of 15.3A. An expanded myristic acid 
film of an area a = 47 has a thickness of 9.3. In the mixed film the large 
molecules thus extend through the film and tend to produce humps in the 
upper surface. If the total area of the upper surface is increased, for example, 
10 per cent, from this cause, and the surface tension of the upper surface is 
50 dynes cm-, the effect is to increase —F, by 5 dynes cm-!. This may 
perhaps be the main cause of the decrease in area of the expanded films 
containing cholesterol. Similar effects were observed when tripalmitin and 
other large molecules were used instead of cholesterol. The three chains in 
tripalmitin being attached at one end must lie closer than if unattached and 
produce a local thickening of the film. 

The micelles present in the JR portion of the curves of expanded films 
should also tend to cause an uneven upper surface. This effect should be 
especially marked when F, is small, that is, at low temperatures, for then the 
film of single molecules is so thin that the micelles rise above it. It appears 
probable that the deviations between the curves in Figs. 5 and 6 at low values 
of a and at low temperatures are due to this cause. 


The Effect of Large Head Groups in Decreasing 6 


For para-dodecyl-phenol a family of curves have been obtained?’ like that 
for myristic acid. The area at no compression is, however, unusually small 
(a = 36). The JK part of the curves at 30°C gives a, = 16.3, F, = —20. 
This large value of —F, explains the small value of a at F=0. The JR 
portions are far steeper than those of myristic acid and are found to correspond 
to micelles for which 8 = 5+1. This low value is in accord with the pre- 
sence of the phenyl group in the head which should restrict the number of 
chains that can unite in a micelle. The value of B, is 1970. 


1° N. K. Adam, Proc. Roy. Soc. A126, 366 (1930). 
17.N. K. Adam, W. A. Berry and H. A. Turner, Proc. Roy. Soc. A117, 532 (1928). 
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A similar example of the effect of a large head group in reducing the value 
of B is furnished by the data** on the a-bromo-fatty acids. For the acid contain- 
ing 17 carbon atoms, at 15° the JR portion of the curve gives a value B = 7. 
The JK portion gives a) = 17.1, Fy = —13.7. 


Films of Esters and Vapor Expanded Films 


A family of curves is also given for monopalmitin.1” The JK portions agree 
well with Eq. (53) (SD = 0.3) when a, = 22 and F, = —8.8. The area at 
no compression, in accord with these values, is large (a = 67). The value 
of F,—F, furnish, by Eq. (74), the value B, = 2052. When the values of F, 
are then calculated by this equation at the four temperatures (from 16 to 37°) 
at which the experiments were made, the calculated and observed values 
agree with an S.D. of 0.13 dyne cm-, although only one adjustable parameter 
is available in these calculations. : 

The JR portions of the curve are fairly flat. Calculation shows that 6 = 13.5 
+2. The magnitude of B seems to depend very largely on whether or not 
the F—a curve for the condensed film possesses a GB branch (Fig. 1). We 
have concluded that the line GB is due to the hydration of the heads. If 
there is little or no hydration, the F—a curve follows the line GA. The fatty 
acids and particularly the a-bromo acids show a very distinct GB line with 
* values of a, of about 26 which indicate that the carboxyl group has a strong 
tendency to be hydrated and then occupies an area distinctly greater than 20.5. 
With the alcohols the point B lies at about a = 22. Thus the larger size of 
the head in the monopalmitin as compared to the acids is offset by a lower 
degree of hydration. 

The effect of replacing the hydrogen atom in the carboxyl group of the 
fatty acids by a methyl group is to /ower the expansion temperature t,, by 
one or two degrees, while an ethyl group produces a lowering of 15°. This 
indicates that the tendency to form micelles is decreased very greatly by the 
presence of an ethyl or higher group in the ester chain. The condensed films 
of these esters show, however, an area of 20.5 so that the fact that the 
—COO-— group must be pulled away from the water in the formation of the 
micelles (as in the condensed films) explains the lesser stability of the micelles. 

Another interesting feature of these ester films is that the GB section of 
the curve is wholly absent in the condensed films and as a result of this lack 
of hydration the values of 8 are very large (the JR lines are flat). This means 
that the expanded film passes to the condensed state more nearly as a definite 
change of phase instead of by the growth of micelles. The curves for propyl 
palmitate give a, = 12, F, = —4.8, B, = 2000, and 6 = 60. For ethyl 
palmitate similar data give a) = 12, Fy = —5.7, B, = 2059 and B= 55. 

The small values of —F, for these esters are presumably due to a lack of 
sufficient flexibility of the molecule in the neighborhood of the —COO— group 
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to allow both chains to assume a steep angle to the water surface. With 
glycol dilaurate and triolein the larger value of —F, = 8.5 results from the 
additional linkages between the two chains by which greater flexibility can 
be attained. 

The marked effect of attachment to the water in the middle of a chain in 
decreasing—Fy is best illustrated by the data which Adam and Jessop have 
given" for films of oleic acid on acidulated water containing potassium perman- 
ganate. The oxidation of the double bond gives strong attachment to the water 
near the middle of the chains. The curve at 15° yields a = 27.1 and —F, = 2.2, 
which is the lowest value derivable from any of Adam’s curves. 

The films which Adam has called vapor expanded films are evidently merely 
those which are characterized by very low values of — Fy. At low compressions 
the curve then extends to such large values of @ that the film becomes so thin 
that the molecules lie nearly flat on the surface before F falls to zero. Thus 
the films can no longer be considered duplex films and it is not surprising 
that they should merge into true gaseous films without the abrupt change 
of slope that characterizes typical (liquid) expanded films. 


Factors which Determine a, 


In the foregoing analysis of the experimental data a) has been treated as 
an empirical constant, although its derivation from Eq. (49) would suggest 
that a) should have the value of a which corresponds to a close-packed film. 
The empirical values of a, are usually less than this. 

The fact that no two molecules in a monomolecular film can be in the same 
place at a given time indicates the existence of repulsive forces of very ‘short 
range. Such forces yield a term a, which should correspond to the value of a 
for a condensed film (at least for fairly concentrated films).° 

We have seen, however, particularly on our discussion of Eq. (74) that in 
the formation of the micelles there is evidence of short range attractive forces 
between carboxyl groups. Such forces should tend to counteract the effect 
of the repulsive forces at contact and thus tend to decrease the value of ap. 
We should therefore not attach too much significance to the actual values 
of a) but may well interpret the differences in a, for different substances as 
indications not only of the relative sizes of the active groups, but also of the 
magnitude of the forces between them. 


Flexibility of Hydrocarbon Chains 


Adam has summarized" the evidence that the chains are flexible. The fact 
that the upper and lower surfaces of duplex films of a thickness of only 5-104? 
can act nearly independently just as in a thicker film of liquid is perhaps still 
more convincing evidence. 
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In a series of papers Staudinger’® and his co-workers have developed a theory 
of the viscosity of solutions of high polymeric compounds which is based on 
the assumption of long rigid molecules. It would seem that such theories 
require revision. Perhaps it is the shearing stress in a liquid during viscosity 
measurements that pulls a very long molecule into a nearly straight line and 
thus, in part, justifies the theoretical derivation of the equations. 


Note on Antonoff’s Rule 


Antonoff’s rule!® states that for true equilibrium F, = 0. As Harkins and 
others have pointed out, this cannot be true in general. For example, for 
a pair of liquids A and B there are two spreading coefficients: for lenses of A 
on B, Fs, = Ys—Ya—Yap» While for lenses of B on A, Fsy = Ya—Ya—Vap- 
Both spreading coefficients can be zero only when yas = 0, i.e., when the 
liguids are miscible. 

It is nevertheless a fact that F, is extremely close to zero for very large 
numbers of organic liquids placed on water and in equilibrium with it, so that 
as a useful empirical rule Antonoff’s rule is justified. 

If the molecules of vapor of an organic liquid, when they strike a water 
surface, form an adsorbed film which nearly completely covers the surface, 
then some molecules must condense on top of those already adsorbed. We then 
have two cases to consider: 

(1) The molecules in the 2nd layer may have a shorter life ¢ (before evapo- 
rating again) than the life t) of molecules on the surface of the organic liquid. 

(2) The life t of the molecules may be equal to or greater than ty. 

In the Ist case the 2nd layer of molecules will not become complete so that 
F,<0, while in the 2nd case the 2nd layer and therefore presumably 
a 3rd and 4th layer, etc., will grow in presence of saturated vapor until 
the water is covered by a liquid film and therefore F, = 0. 

According to the principle of independent surface action®® which the writer 
has so often employed, the properties of a surface depend primarily on the 
atoms or groups of atoms actually forming the surface and depend on the 
underlying layers only insofar as they alter the actual surface atoms. Thus 
in general the properties of the upper surface of an adsorbed monomolecular 
film are nearly the same as those of the substance in bulk. This may be illus- 
trated by some examples. 

Carbon tetrachloride vapor forms an adsorbed monomolecular film on 
water which tends to become nearly complete before the vapor becomes 
saturated. The properties of the upper surface of the film thus approximate 


18 H. Staudinger and E. Ochiai, Zeits. f. physik. Chemie A158, 35 (1931). 

1® Antonoff, J. Chim. Phys. 5, 372 (1907). Bartell, Case and Brown, J. Am. Chem. Soc. 
55, 2769 (1933). 

30 J. Langmuir, Chem. Rev. 6 467 (1929); also Colloid Symposium Monographs 3, 48 (1925). 
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to that of liquid carbon tetrachloride, so that the life t of molecules of CCl, 
which may condense on the film is about the same as that of molecules on 
liquid CCl,. Thus the film grows in thickness which means that F, = 0. 

Orientation of the molecules in the adsorbed film may make ¢ for the second 
layer very different from ft. Thus lenses of molten palmitic acid on water, 
although in equilibrium with it, do not spread indefinitely. This is due to the 
fact that the orientation and tight packing of the molecules in the film on the 
water has the effect of preventing the carboxyl groups of any vapor molecules 
incident on the surface from coming into contact with other carboxyl groups. 
On the other hand a molecule striking a surface of liquid palmitic acid can 
more easily penetrate the less tightly packed surface layer and thus its carboxyl 
can meet other carboxyls. Thus t for molecules in the 2nd layer of the adsorbed 
film is less than tf, and therefore F, < 0. 

A corollary of this point of view is the conclusion that if, for two immiscible 
liquids A and B, A is strongly adsorbed (from a saturated vapor) on B then 
the vapor of B cannot be strongly adsorbed on A (since both F,, and Fy, 
cannot be zero). 

The frequency with which strong adsorption occurs and the relatively small 
effects on the lives t produced by orientation is thus the fundamental reason 
that Antonoff’s rule is so often applicable. 

Of course there are numerous cases such as that of the higher hydrocarbons 
and water where only a negligible adsorption of either vapor by the other 
liquid occurs. Such cases are usually those yielding large negative values for F. 
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MECHANICAL PROPERTIES OF MONOMOLECULAR 
FILMS* 


Journal of the Franklin Institute 
Vol. CCXVIII, No. 2, 143, August (1934). 


A THIN film consisting of a single layer of foreign atoms on the surface of a solid 
may profoundly modify the chemical and physical properties of the surface. 
For example, a tungsten filament heated to 1500°K rapidly decomposes various 
gases such as methane, or ammonia, but if enough oxygen is at first added 
to form a single layer of atoms covering the surface, this power of the hot 
tungsten layer to decompose these gases has been destroyed. The oxygen thus 
acts as a catalytic poison. 

A single layer of thorium atoms on the surface of a tungsten filament may 
increase the electron emission at a suitable temperature 10*-fold. With a layer 
of caesium atoms this multiplying factors is as great as 10%. 

Although these chemical and physical effects of monatomic adsorbed films 
on solid surfaces are so striking, it is not ordinarily possible to observe directly 
any change in the mechanical properties of these solid surfaces. However, 
monomolecular films of many different organic substances are easily produced 
on water. These films are most easily observed and studied by their mechanical 
effects. 

The most obvious of these effects is the lowering of the surface tension 
of the water caused by the presence of adsorbed substances. We are all familiar 
with the changes in the mechanical properties of water produced by the addition 
of soap. This effect is strikingly seen if we dip a finger of one hand into a 
glass of pure water and a finger of the other hand into a glass of soapy water. 
When withdrawing the fingers, drops of water fall from them. The drops 
of pure water are, however, several times larger than those of the soapy water. 
The ease with which soap bubbles can be formed in the soapy water illustrates 
another change in the mechanical properties of the water. 

Willard Gibbs showed from the laws of thermodynamics that a lowering 
of the surface tension of a liquid by dissolved substance is always caused by 
a crowding of the molecules of this substance into a film on the surface. 

Studies of many cases of adsorption of gases on solid surfaces have shown 
that in most typical cases of adsorption there is a strong tendency for the 


*Presented at the Medal meeting held Wednesday, May 16, 1934. 
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film to be one atom thick. This is the result of the short ranges of the forces 
that act between atoms and molecules. If we consider, for example, the 
equilibrium between a gas and a solid surface, we may picture the mech- 
anism of adsorption as follows: The molecules of the gas that strike the 
surface of a solid usually condense on it instead of rebounding from it elas- 
tically. The condensed molecules can evaporate from the surface if the tempe- 
rature is sufficiently high. The rate of evaporation depends not only on the 
temperature, but also on the forces of attraction between the adsorbed mole- 
cule and the underlying solid. Thus the molecules have a certain average life 
on the surface and the amount of the adsorbed substance at a given tempera- 
ture depends upon this- life. 

If the temperature is low enough so that the molecules that are awaiting 
their turn to evaporate practically cover the surface, additional molecules which 
strike the surface from the gas are not able immediately to find vacant places 
in the first layer which they can occupy. They therefore condense into a second 
layer. An example of this kind which we have studied in great detail is that 
of caesium vapor contact with a tungsten filament.’ As the pressure of the 
caesium vapor is raised, or temperature of the filament is lowered, the number 
of caesium atoms adsorbed on the surface tends to reach a constant limiting 
value corresponding to a single layer of atoms. When the surface is nearly 
completely covered so that atoms arriving from the vapor are forced to remain 
in a second layer, these atoms, being no longer in contact with tungsten, are 
held by forces so weak that they evaporate at room temperature about 10°* 
times faster than single atoms which are adsorbed on a pure tungsten surface, 
and therefore the number of atoms in the second layer is negligible until the 
vapor is nearly saturated. This huge difference in the forces that hold atoms 
in the first and in the second layers is evidence of the very short range of the 
forces. 

Thus when a surface is covered with a single layer of atoms its properties 
are in general completely modified. It is not always neccessary, as in the case 
of caesium on tungsten, that the rate of evaporation from the second layer 
shall be greater than that from the first. A good example in which the atoms 
evaporate much more slowly from the second layer than from the first has 
been observed in the case of mercury atoms which are allowed to strike upon 
a cool glass surface. Mercury atoms have a much greater affinity for one another 
than they have for glass. The mercury atoms in the second layer, being in 
contact with other mercury atoms, therefore evaporate much more slowly 
than do single atoms in the first layer. Under these conditions the temperature 
of the glass has to be lowered far below the temperature corresponding to 
saturated vapor before any appreciable number of atoms are present in the 
first layer. If the pressure is then raised sufficiently, these atoms in the first 


1 J. B. Taylor and I. Langmuir, Phys. Rev. 44, 423 (1933). 
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layer begin to form clusters which readily become covered by a second layer 
since the second layer is relatively so stable; the third, fourth, and subsequent 
layers thus begin to form on these nuclei even before the first layer is complete. 
This leads to the formation of droplets of mercury on the glass surface, or, 
at low temperatures, small detached crystals appear. There is nothing abnormal 
about this kind of condensation on solid surfaces. It is typical of the cases where 
the forces between adsorbed atoms are greater than those between these atoms 
and the underlying surface. These cases, however, do not give us the typical 
phenomenon of adsorption. It is just because the formation of uniform layers 
of adsorbed molecules requires that the forces between the adsorbed molecules 
shall be less than those exerted by the underlying surface that adsorbed films 
are only rarely more than one molecule in thickness. 

Among organic chemical compounds the straight-chain hydrocarbons are 
of particular interest because of the simplicity of their properties. The mole- 
cules of these substances consist of long chains in which each link consists of 
CH, the ends of the chain being formed of CH; groups. 

When a drop of a so-called pure mineral oil, or a pure saturated hydro- 
carbon, is placed upon water, it floats on the water as a circular lens having 
a definite circular boundary where the oil, water, and air meet. At this junction, 
the three surfaces (the air-water, the air-oil, and the oil-water interfaces) 
form definite angles with one another, so-called ‘‘contact angles” which 
depend solely on the three surface tensions (y,, yz, and 7,2). 

If we imagine an oil lens of this sort to be constrained by some force to 
spead out to a very thin film over the surface of the water, we can readily 
analyze the conditions that must be fulfilled in order than an oil can form 
such lenses on the surface of water. Outside of the lens there is the surface 
tension, y,, of the pure water. Within the boundary of the lens there are two 
surfaces—the oil-air interface and the oil-water interface which have the 
surface tensions y, and y,,, respectively. In order that the thin lens may 
be stable, it is evidently necessary that y, shall be equal to y,++,,. If these 
forces are not equal, the lens will either spread out indefinitely or will con- 
tract into a lens of such thickness that gravitational forces prevent further 
contraction. We may thus define a quantity F, which has been termed by 
Harkins the spreading coefficient; 


Fo=1—-v2-Ya- (1) 
Evidently for those substances which do not spread on water, F, has a negative 
value. Whenever F, is positive, the substance spreads on the water. 

A typical hydrocarbon is tetradecane, C,,Hs), whose molecules consist of 
long chains. This substance does not spread on water and measurements 
show in fact that F, = —6.2 dynes/cm. 

There are large numbers of oils and fats, especially those of animal and 
vegetable origin, which, when placed on water, spread out to form extremely 
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thin films of the order of 10~? cm thick. It is found that the general character- 
istic of all such substances that spread is that they contain in their molecules 
certain groups of atoms which have an affinity for water and are therefore 
called hydrophilic. The most common of these groups is the —OH group 
or the —COOH group. If such a group is substituted for one of the hydrogen 
atoms in each of the molecules of a lower hydrocarbon, the effects is to in- 
crease the solubility of the substance in water. For example, butyric acid is 
quite soluble in water, but propane is only slightly soluble. 

The substances that spread as thin films upon water are thus substances 
whose molecules possess a composite surface, most of the molecules having 
very little affinity for water, thus being hydrophobic, while another portion 
of the molecular surface is hydrophilic. By spreading on the surface of the 
water, the molecules can thus arrange themselves so that the hydrophilic portion 
of each molecule comes into contact with water without bringing the hydro- 
phobic portion in contact with the water. In most of the common fatty acids, 
the COOH group is at the end of the long chain. Thus when the molecules 

pread over the surface of the water, they become approximately vertically 

arranged on the water with the heads (hydrophilic groups) in the water and 
their tails (hydrophobic groups) packed side by side above the layer that con- 
tains the heads. 

Because of the affinity of the hydrocarbon parts of the molecules for each 
other, the molecules spread out on the surface of the water only far enough 
for their heads to come in contact with the water. The surface tension of the 
water, therefore, is not decreased unless enough fatty acid is added to com- 
pletely cover the surface with a monomolecular film. By measuring the volume 
of oil required to form a monomolecular film covering a given area, the thickness 
of the film can be calculated. This thickness is evidently the length of the 
molecules since these are arranged approximately vertically in the film. 

By placing a known number of molecules on the surface and measuring 
the area to which the film spreads before the surface tension becomes that 
of pure water, the area molecule can be measured. This gives the cross-section 
of the molecule. These experiments enable us to find the shapes of the molecules. 

It is very useful to look upon the lowering of the surface tension of water 
produced by the presence of an oil film as being the result of a spreading force 
F produced by the action of the adsorbed molecules on one another. This 
force is defined as 


F=y-y, (2) 


where yo is the surface tension of pure water and y is the surface tension of the 
water after the surface tension has been lowered by the presence of the film. 

The spreading force F which characterizes any given adsorbed film is entirely 
analogous to the pressure p which a gas or liquid exerts on the walls of a con- 
tainer. The pressure of a gas or liquid depends on the concentration and on 
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the temperature. The relation between these quantities is usually referred 
to as the equation of state. Thus an ideal gas is characterized by the equation 


pu=Ah?, (3) 
where v is the volume per molecule and k is the Boltzmann constant 1.37 x10"* 
erg deg.-!. It is usually more convenient to express this equation in the term 
of n, the number of molecules per unit volume. The equation then takes the 
form 

p =nkT. (4) 
The analogy between p and F becomes very striking if we measure F not 
by measurements of surface tension but directly by a surface balance. In this 
apparatus the surface of water in a long rectangular tray is divided by a floating 
barrier which is attached to the pointer of a balance so arranged that a hori- 
zontal force exerted on the barrier can be measured. When there is clean 
water on both sides of the barrier the balance reads zero. A definite amount 
of an oil is placed on the water on one side of the barrier and this is confined 
to a given area by a second barrier parallel to the first. By moving the second 
barrier the film can be compressed so that it exerts a force on the balance 
and at the same time the area covered by the film can be measured. By pro- 
gressively changing the area, by moving the second barrier, the force F may 
be measured as a function of a. Any equation which expresses F as a function 
of a and T is thus an equation of state for the 2-dimensional adsorbed film. 
If the adsorbed molecules do not exert any forces on one another, but exert 
forces only on the barriers which prevent the thermal agitation of the mole- 
cules from causing indefinite spreading, then they should behave as an ideal 
2-dimensional gas. Thermodynamical reasoning then indicates that the equ- 
ation of state should be 
Fa = kT or F = ohT, (5) 


where a is the area per molecule and o is the number of molecules per unit 
area in the adsorbed film. Comparison of these equations with Eqs. (3) and 
(4) shows the complete analogy between these 2-dimensional gases and 
a typical 3-dimensional gas. Some experiments of N. K. Adam* have shown, 
in fact, that there are some substances which form films on water that behave 
like 2-dimensional ideal gases. 

The typical films produced on water by fatty acids and other oily substances 
have properties which indicate that they are 2-dimensional liquids and solids 
rather than gases, for they do not spread indefinitely, but the value of F becomes 
zero when the surface concetration o falls to a definite value. The mechanical 
properties of these films indicate clearly that they can exist in either the liquid 
or the solid state. For example, films of fatty acids on water which is slightly 
alkaline are definitely solid as is seen by the fact that when they are under 


* N.K. Adam, Physics and Chemistry of Surfaces, Clarendon Press (1930). 
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even a very slight external pressure they can withstand considerable shearing 
stresses. On the other hand, a monomolecular film of cetyl alcohol, C,.H;;0H, 
on water behaves like a 2-dimensional liquid; for even under high surface 
compression it can be made to circulate freely by blowing on it gently. 

There is a very interesting type of monomolecular oil film on water which 

seems to have no analogue in the 3-dimensional world. I refer to the expanded 
” films which are observed when saturated fatty acids are placed on slightly 
acidulated water (N/100 HCl). N. K. Adam has obtained the F—, diagrams 
for many of these expanded films at a series of temperatures. The following 
theory seems to offer an adequate explanation of the characteristic of these 
films.? 

We may assume that in a condensed film the hydrocarbon chains are 
packed side by side very much as they are in a crystal in a solid fatty acid, 
and the heads of the molecules are at the water surface with a spacing which 
is determined principally by the packing of the tails. 

In the expanded films, on the other hand, the hydrocarbon tails form 
essentially a thin layer of a hydrocarbon liquid whose component molecules 
are free to move relative to one another just as in any ordinary liquid, except 
that one end of each molecule is constrained to stay in contact with the water 
because of the head or hydrophil group which is attached to it. This constraint 
however does not prevent the film from acting as a “‘duplex film” consisting 
of an upper surface, which is esentially surface between hydrocarbon and air, 
and a lower surface, which is an interface between hydrocarbon and water. 
In this lower interface the heads or hydrophil groups are free to move as mole- 
cules of a 2-dimensional gas. 

If it were not for the heads the whole duplex film would possess a negative 
spreading coefficient Fy, which, for the case of myristic acid films on N/100 
hydrochloric acid, is —11.2 dynes cm. It is only the spreading force due 
to the heads which makes it possible for this film to spread out over the surface 
of the water. Thus unless this spreading force exceeds +11.2, no observed 
spreading force can be measured by the balance method. On this basis we may 
assume that the spreading force F,,, due to the presence of the heads in the 
interface, is given by the equation of state, 


F,,(a—4,) = AT, (6) 
which is the equation of state of an ideal gas with a correction a, for the area 
occupied by the molecules when highly compressed, this expression being 
analogous to that involved in Van der Waals’ equation. However, the experi- 


ments do not measure F,, directly, but they measure the algebraic sum 
F,,+F). It thus follows that the equation of state for the duplex film should be 


(F—F,) (a—a,) = RT, (7) 


* I, Langmuir, J. Chem. Physics 1, 756 (1933). 
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where F is the force directly measurable by the balance. This equation has 
been found, in fact, to agree well with practically all observed cases of expanded 
films. ) 

The expanded film is thus a peculiar case in which the film consists of 
a lower surface in which the heads behave as a gas film within a duplex film 
which is behaving essentially like a thin, confined oil lens. 

Another interesting characteristic of the F, curves of expanded films 
is that they often show a kink where the curve departs abruptly from that 
which corresponds to Eq. (7). It has been shown that this is due to a kind 
of incipient crystallization by which groups of molecules in the expanded film 
coalesce to form micelles in which the hydrocarbon chain has much the same 
relation as in the condensed film. This kind of a transition also seems to have 
no analogue in the 3-dimensional world. The micelles possess some of the 
properties of solids and exert a kind of 2-dimensional vapor pressure and 
yet they act as gas molecules and thereby contribute to the 2-dimensional 
pressure. 

Within the last year with Dr. Katharine B. Blodgett I have been studying 
the equation of state of adsorbed molecules at the interface between oil and 
water to see whether the properties of this interface are consistent with those 
that were postulated to explain expanded films. This work is still in progress 
but we have already obtained complete confirmation of Eq. (6) and have also 
found at these interfaces the same kink which we believe characterizes the 
formation of micelles in the expanded films. I shall tell you more of some 
of these results a little later. ; _ 

The substances which spread on water to form insoluble monomolecular 
films can usually be made to form monomolecular films on various solid bodies. 
Because of the rigidity of a solid it is not possible to observe the surface tension 
of a solid surface and therefore the spreading force F which corresponds to 
the adsorbed film on a solid cannot be measured directly. If the adsorbed film 
on the solid surface is in thermal equilibrium with the vapor in the surround- 
ing space, or with a solution of the substance in a liquid, Gibbs’ equation, 


dF 


dinp =P (8) 


can be used to calculate F from the observed vapor pressures (or osmotic 
pressures), when a, the number of molecules adsorbed on the surface, can 
also be determined. In the case of caesium films on tungsten it has been possible 
to measure accurately o as a function of T and #, the pressure of the caesium 
vapor. The equation of state thus obtained can be correlated with the forces 
acting between the adsorbed caesium atoms by the Clausius virial equation. 
In this way it has been possible to show that the adsorbed atoms act as dipoles 
and the dipole moment M can be determined. From this dipole moment it is 
also possible to calculate the electron emission of the tungsten filament as 
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a function of temperature and of o. Thermodynamical reasoning also makes 
it possible to calculate the rate of evaporation of positive caesium ions from 
the dipole moment. The good agreement between these calculated values 
and the measured values of the electron emission and the ion emission justifies 
the concept of the spreading force F for adsorbed films on solids.! The same 
equations that were derived from the study of films of caesium on tungsten 
have also been found to apply equally well to the determination of the relationship 
between the electron emission between thoriated tungsten filaments and the 
rate of evaporation of thorium from these filaments.‘ 

There are many phenomena which demonstrate that, at least at high tem- 
peratures, adsorbed atoms on metallic surfaces can migrate or diffuse over 
the surface. For example, if thorium atoms are evaporated onto one side of the 
tungsten filament and the filament is maintained a few minutes at 1700°K, 
it is found that the thorium becomes uniformly distributed over the surface. 

Oil Films on Solids. There are several methods by which monomolecular 
oil films may be applied to glass surfaces. The glass should at first be cleaned 
by heating it in a mixture of sulphuric acid and chromic acid and then washed 
in grease-free water and dried. If such a glass surface is brought into contact 
with the vapors of a slightly volatile fatty acid, a monomolecular film of this 
acid condenses on the glass. Such films may also be formed by dipping the 
glass into a solution of a non-volatile acid in benzol, and then removing any 
excess fatty acid by several rinsings in benzol. If some crystals of cetyl alcohol 
are placed on glass and the glass heated until the substance melts, the drops 
of liquid can be. moved over the surface of the glass without wetting the glass. 
There is, however, a monomolecular film remaining on the glass after this 
procedure. 

Some particularly interesting results are obtained by transferring a mono- 
molecular film from a water surface to a glass surface.5 Under certain condi- 
tions it is possible in this way to apply several layers of molecules, one after 
the other, to a glass surface. For this purpose a stearic acid film may be pro- 
duced on slightly alkaline water* and by a movable barrier and another one 
attached to a balance, a surface pressure of about 10 dynes per cm is applied. 
A clean glass slide is then dipped below the surface of the water. Experiments 
prove that in passing this way through the surface the glass does not take up 
a film of stearic acid, but if the slide is slowly withdrawn while the barrier is 
continually moved forward so as to maintain a constant pressure of 10 dynes 
per cm, then the glass comes out perfectly dry. The area through which the 
~~ ©T. Langmuir, J. Franklin Inst. 217, 543 (1934). 

* K. B. Blodgett, ¥. Am. Chem. Soc. 56, 495 (1934). 

* In most of these experiments water from the city mains was used, but in some cases 
the distilled water which is piped through the Laboratory was tried. Later experiments suggest 
that traces of calcium in the alkaline water are perhaps necessary in the formation of these 


multimolecular layers. These multimolecular layers may be layers of calcium stearate, although 
I shall refer to them as stearic films. 
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barrier has to be moved is found to be equal to the total area of the glass slide, 
so that the monomolecular film has been transferred from the water to the glass 
without any change in the relative spacings of the molecules on the surface. 

If now the glass slide is dipped a second time into the water holding the 
surface pressure constant, it is found that a second layer of molecules is trans- 
ferred to the glass. On withdrawing the glass, a third layer is formed. 

The odd numbered layers of molecules are oriented with the hydrophil 
groups towards the glass, while the even numbered layers are oriented in the 
opposite direction. 

There are many ways in which the presence of such monomolecular films 
on glass can be detected, and some of the properties of these films may be 
accurately measured. In general if a drop of water is placed on a glass surface 
which is covered with a monomolecular oil film, it is seen that the water 
does not wet the surface; that is, it forms drops on the surface which show 
a contact angle against the surface. For example, if a drop of water is placed 
on a block of solid paraffin, it is seen that the drop assumes a nearly spherical 
form. The contact angle of the parafin being about 110°, the water actually 
overhangs the circle representing this line of contact. With a very slight tilting 
of the paraffin surface through an angle of only 2°, a drop of water slides easily 
over the surface of the paraffin. 

If this same experiment is made by placing a drop of water on a glass 
slide covered with a monomolecular oil film, it is usually found that the drop 
does not slide off nearly so easily as it does from a paraffin surface. The drop 
only begins to move when the surface is inclined 6-10° and when this motion 
first occurs the contact angle at the advancing edge of the drop is much greater 
than that at the receding edge. This hysteresis or frictional effect indicates 
that the surface of the monomolecular film which has been in contact with 
the water has thereby been somewhat changed. 

The contact angles observed with large stationary drops of water on glass 
covered by monomolecular oil films depend not only on the chemical compo- 
sition of the adsorbed film but on the way in which this was applied to the 
surface. It is characteristic of oil films on water that the properties of the 
surface films of a definite substance are dependent only on o and T, just as 
the properties of a given gas are dependent on p and 7. Thus according to 
the nomenclature of the phase rule, this system is one that possesses two 
degrees of freedom.* Adsorbed films on solids sometimes show a similar behavior; 
for example, films of thorium and caesium on tungsten have properties that 
are determined only by o and T. 

Oil films on solids, however, usually do not fulfill these conditions. A film 
having a given value of o may have many different properties depending on 
the manner in which the molecules are attached to the underlying surface. It 
would seem natural at first to suppose that a stearic acid film on glass has an 


* I, Langmuir, ¥. Chem. Physics 1, 1 (1933). 
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upper surface which is essentially similar to that of a pure hydrocarbon. We 
might expect, therefore, that water would show a contact angle of 110° on 
a monomolecular stearic acid film. Actually, however, the angle is much less 
than this and it varies greatly with the manner in which the film is formed. 

There appear to be two main factors which produce this effect. First, the 
closeness of spacing of the molecules on the surface determines what fraction 
of the upper surface consists of CH, groups. 

The stearic acid films which are transferred to a glass surface from alkaline 
water show many unusual properties. A drop of water on such a film gives 
a contact angle of about 50°. This film is the only one which ve have been 
able to find which is non-wettable by both water and mineral oils. 

Dr. Blodgett has measured the angles obtained when drops of various 
liquids are placed on a trimolecular layer of stearic acid on glass. The results 
are: Squibb’s Petrolatum 55.4°; benzol 48.0°; carbon tetrachloride 40.7°; 
hexane 1.5°; ethyl myristate 51.7°; water about 50°. The peculiar property 
of this trimolecular film of being non-wettable by both water and organic 
liquids results from the fact that the upper surface of the film consists almost 
wholly of CH, groups. The trimolecular film was chosen in these experiments 
because it has more uniform properties than the monomolecular film. Drops 
of Petrolatum on a monomolecular film gave a contact angle of 52.0; on a film 
3 layers deep 55.4; 5 layers deep 55.2; and 7 layers deep 54.9. On the mono- 
molecular layer there is considerably greater difference between the advancing 
and receding contact angles in the case of the multimolecular films. 

Films containing an even number of molecular layers when withdrawn 
from the water are wet because the carboxyl group is on top. When these films 
are dried, they become non-wettable by water indicating that the orientation 
becomes reversed as there is no longer any force to hold the carboxyl group 
on the surface. 

If a stearic film is produced on glass by dipping the glass in a dilute film 
of stearic acid in benzol, this film shows against both water and hydrocarbons 
a much smaller contact angle than do the films transferred to glass from a 
water surface. The molecules of stearic acid in a dilute solution in benzol 
diffuse one by one onto the glass surface. The first ones that arrive become 
firmly attached to the glass by their COOH groups. Experiments indicate 
clearly that at room temperature there is practically no surface mobility of 
these adsorbed molecules, so that each molecule remains attached to the point 
at which it first arrived at the surface. After a considerable fraction of the 
surface is thus covered, newly arriving molecules find increasing difficulty 
in finding suitable points of attachment on the glass. When the process is 
complete, there are still many portions of the glass not covered by COOH, 
but the vacant spaces are too small to permit the entrance of additional COOH 
groups. We can conclude that the last of the molecules to become attached 
to the surface are not able to attach themselves firmly to the surface because 
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of the crowding by their neighbors. Such an adsorbed film is therefore non- 
homogeneous. Because of the larger spacing than in a close-packed film, the 
upper surface consists partly of CH,. 

Let us now consider the second effect which characterizes these films and 
which accounts for the large hysteresis observed. If a drop of water is placed 
on such a film on glass, some of the adsorbed molecules which are crowded 
by their neighbors and are therefore not held so firmly to the glass, can reverse 
their orientation so that the carboxyl group attaches itself to the water which 
lies on top of the film. The effect of the presence of the water drop is thus 
to modify the oil films so that the surface possesses a greater afinity for water 
and thus the receding angle becomes much less than the advancing angle. 

The work of adhesion of a liquid for a solid, W,, has been defined as the 
free energy change per unit area when a liquid is brought into contact with 
a solid. This is equal to 

W, = ra(l +008 B), 0) 


where y, is the surface tension of the liquid and B is the contact angle which 
it makes when placed on the solid. If the contact angle is zero, W, = 2y, and 
is then equal to the work of cohesion for the liquid itself. 

When one liquid (2) is spread out as a thin film (duplex film) on another 
liquid (1), the free energy change per unit area which again represents the 
work of adhesion is given by 

W, = 1 t72—-V1g = Fi +272. (10) 
If the first liquid spreads out on the second so as to form a zero contact angle, 
F,=o0, and again W, = 2), 

Drops of Squibb’s Petrolatum placed on slightly alkaline water covered 
by a stearic acid film give contact angles which vary with the surface pressure 
applied by a movable barrier. Thus, for example, with an external force F,=10 
dynes per cm, the contact angle B which is the supplement of the angle between 
the film on water surface and the free. Petrolatum surface, is 40.5°; with 
F,=20, the angle is 37.8°; and with F,=30 it is 33.8°. The values of F, cal- 
culated from these (taking y,=31.1) are found to be constant and equal to 
—12.4. According to Eq. (10) the work of adhesion W, is thus 49.8 and this 
value is independent of the state of compression of the film of stearic acid. 

When these films of stearic acid are transferred to a glass surface to form 
a trimolecular layer, and a drop of Petrolatum is applied, the contact angle 
B is found to be 55.4° and this angle is independent of the external surface 
pressure that was applied to the stearic acid film while transferring it to the 
glass. The value of W, calculated by Eq. (9) from this contact angle comes 
out to be 48.8, which agrees reasonably well with the value W, obtained with 
a drop of Petrolatum on the film of water. 

These results seem to indicate that in these close-packed films both on water 
and on glass, the upper surface consists of close-packed CH, groups whose 
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properties are independent of the underlying solid or liquid substance. It is 
hoped that further studies of these contact angles, for the purpose of obtaining 
the work of adhesion of various liquids on this ideally smooth surface, should 
be of great value in helping to develop a better theory of the nature of liquid 
surfaces. 

Lubricating Properties of Monomolecular Films. The magnitude of the forces 
that hold monomolecular films on solid surfaces are important in connection 
with the problems of lubrication. With low pressures and high speeds, the 
viscosity of a lubricating oil is the principal factor in determining its quality, 
but with high pressures and slow speeds it has been known that other pro- 
perties which are usually referred to as ‘‘oiliness” determine the lubricating 
value. Static friction between a round point and a plane surface corresponds 
to the extreme case where the velocity of movement is zero. The experiments 
that I have described’ in which a glass rider is placed on a glass slide, prove 
that the static friction is profoundly modified by the presence of a monomole- 
cular oil film. To obtain such films there must be certain groups in the molecule 
of the oil which attached themselves firmly to the material of which the bearing 
is made. 

For many years measurements of static friction have been employed to 
measure oiliness, but the value of these data is doubtful. It would seem that 
an important element in problems of lubrication involves the rate of wear 
of the monomolecular films when subjected to rubbing by the opposing surface. 
There are some very simple yet striking experiments which illustrate the 
importance of this effect. 

For example Dr. Blodgett has discovered that the experiment with the 
glass slide and the rider shows marked differences according to whether the 
monomolecular film is placed on the slide or on the rider. When both the slide 
and the rider are clean, the angle at which slipping occurs is usually greater 
than 60°; if a monomolecular film of a fatty acid is placed on the rider, the 
angle can usually be raised to 40° before any slipping occurs and then after 
a slip through a short distance the angle can be raised to about 60° without 
further slipping. When, however, a monomolecular film is applied to the 
glass slide, the rider slips off the slide at an angle of 6° to 8° whether or not 
any film has been applied to the rider. The essential difference between the 
application of the film to the slide and to the rider is that when sliding occurs, 
the point of contact continually moves to fresh part of the surface of the slide, 
but it always remains at the same place on the rider. Thus a monomolecular 
film on the rider is almost immediately worn off and the friction rises, whereas 
on the slide, because of short duration of contact at any point, the wear is 
negligible. This experiment then indicates that the monomolecular film on 
the rider is worn off by moving over a clean glass surface at a distance of only 
2 mm. 


7 I. Langmuir, Trans. Faraday Soc. 15, 62 (1920); Gen. Electric Rev. 24, 1025 (1921). 
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In some other experiments made by Mr. Vincent Schaefer we have used 
as a rider a vertical shaft weighted with 300 grams and having at its lower 
end a rounded glass rod 3 mm in diameter. This hemisphere of glass rested 
upon a glass slide covered by a monomolecular film of stearic. acid. The slide 
was mounted on a miniature car which could be moved by a reciprocating 
motion along a track consisting of three V-shaped grooves in each of which 
a steel ball rested. In this way the point of contact between the glass rod and 
the slide could be made to move accurately back forth along a given line. These 
experiments show that it took about 700 strokes across the slide before the 
coefficient of friction rose from 0.11 to 0.13. In another 200 strokes the friction 
rose to 0.24 an soon afterward seizing occurred. With a film 7 layers thick, 
the coefficient of friction did not increase perceptibly even after 4000 strokes. 

Although this test can be made to measure accurately the wearing qualities 
of a monomolecular film, it still does not give the information we need to 
understand the problem of lubrication. We must provide a definite mechanism 
by which the damage done to the monomolecular film by wear can be repaired 
by new molecules which are carried mechanically to the surface. 

Experiments showed that such substances as pure hydrocarbons, Petro- 
latum, carbon tetrachloride, etc., do not appreciably modify the static friction 
between clean surfaces of glass or of steel. Very minute amounts of active 
substances such as fatty acids, even as little as 1 part in 100,000, added to a 
pure hydrocarbon and applied to the slider can produce a monomolecular 
film on the slider and can thereby cut down the static friction. 

It seems desirable to devise a test for the effect of the additions that may 
be used which will involve not only the stability of the monomolecular film 
that is formed but also the rate at which the film is repaired by the bringing 
in of new molecules of the active substances to the interface by the hydrocarbon 
solution which is dragged by friction to the interface. 

For this purpose Mr. Schaefer and I have devised the following apparatus. 
A small steel plate or table is mounted on knife edges and suspended from 
another set of knife edges so that the table can move horizontally with practically 
No static friction. The glass slide to be tested is supported on the table by a 
wedge-shaped plate in such a way that the glass slide is inclined 5° from the 
horizontal in a direction at right angles to that in which the table can move. 
A vertical shaft carrying a glass or metal hemisphere (rider) at its lower end 
presses down against the inclined glass surface and is made to rotate once 
per second by a telechron motor. Additional weights up to 400 grams can be 
applied to the shaft. 

When the glass slide and the rider forming the lower end of the shaft are 
both clean so that there is no slipping, the rotation of the rider about the vertical 
axis, because of the inclination of the slide causes the table carrying the slide 
to move at a uniform rate so that, after a certain time f, it has travelled a definite 
distance. Horizontal forces may then be applied which tend to oppose this 
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motion. Until the forces are made sufficiently great to cause slipping, however, 
the time ¢ is not increased, but with greater forces some slipping occurs and 
therefore ¢ does increase. Finally with a sufficiently large force so much slipping 
occurs that the table does not move at all, so that ¢ becomes infinite. Thus 
by applying different horizontal forces, different values of t are obtained; 
each horizontal force divided by the vertical force applied on the rider gives 
the coefficient of friction. In analyzing these experiments the coefficient of 
friction is plotted as function of I/t. 

Tests of this kind are particularly interesting when a series of solutions 
of different strengths, containing an active substance in an inert substance 
like pure hydrocarbon are used. As little as 1 part per 100,000 of fatty acids 
in a hydrocarbon exerts a marked effect in reducing the friction; with 1 per 
cent the friction falls to about 0.05 and remains about constant for higher 
concentrations. 

Some preliminary studies have been made using different materials for the 
slider and the rider. Marked differences are obtained for different materials. 
Although these results are preliminary, it is hoped that data will be obtained 
which provides a better basis for an understanding of the fundamental pheno- 
mena of lubrication. 

Interfaces between Oil and Water. The theory of the expanded films which 
I have previously outlined indicates that these films should be regarded as 
duplex films having an upper and a lower surface, the lower surface being 
essentially an interface between a hydrocarbon and water. 

It would seem therefore that the phenomena at the interface between oil 
and water should in many ways be simpler than those characteristic of mono- 
molecular oil films water. Within the last year therefore, Dr. Blodgett and I 
shave been endeavoring to evolve a technique suitable for the study of mono- 
molecular films at the interface between oil and water.* 

For this purpose we have used Petrolatum in which we have dissolved 
small amounts of stearic acid. The concentrations, which we shall denote by 
, expressed in parts by weights, ranged from 10-5 to 10-*. Small amounts 
of these solutions placed upon water show phenomena of great interest. The 
results depend markedly on whether the water is acid or alkaline. In the case 
of alkaline water the presence of minute traces of calcium salts profoundly 
affect the results. The amounts of calcium that can remain in solution, even 
after sodium carbonate has been added to the water, may be enough to have 
a marked effect on the phenomena. In most of our expriments with alkaline 
water we have used 0.02 normal NaOH to which has been added enough 
sodium carbonate to make the solution 0.02 normal with respect to this sub- 

* All the experimental work which I shall describe is that of Dr. Blodgett, who has also con- 
tributed much to the theoretical interpretation. When the work is completed, the results will 


be published jointly by Dr. Blodgett and myself. The results that I shall give here are meant 
to constitute a preliminary annoucement of this joint work. 
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stance also. A 10-fold increase in the concentration of these substances has 
relatively little effect on the results obtained. With much lower alkalinity, 
the results become erratic because of absorption of carbon dioxide from the air. 

If very dilute solutions of steric acid in Petrolatum (w ranging from 10-5 
to 5x10-*) are placed on alkaline water, lenses are formed which increase 
gradually in diameter until they reach a final limiting value. Until the diameter 
is about three-quarters of its final value, the rate of increase of diameter with 
time is such that a plot on semilogarithm paper a straight line is obtained. 
The slope of this line is found to be accurately proportional to w? and it in- 
creases rapidly as the temperature is raised. 

A theoretical study has indicated that the rate of growth of these lenses is 
determined by the rate at which the stearic acid can diffuse to the interface. 
A mathematical analysis, which involves the use of Fourier’s, series differs 
from that of the usual diffusion problem in that the diffusion takes place, 
through a body whose dimensions are continually changing, the volume, 
however, remaining constant. The hypothesis is made that each molecule 
of stearic acid which reaches the interface causes an increase of the interfacial 
area by an amount equal to a. This theory seems to be in complete accord with 
experiment over the whole range of diameters up to the final limiting value. 
When the diameter is not too large, the theory gives the simpler expression 

d\n A/dt = n*a*D/x, (11) 
where D is the diffusion coefficient, m is the initial concentration (before 
spreading begins) and A is the area of the lens at any time ¢. A comparison 
of this equation with experimental data therefore enables us to determine the 
absolute value of the diffusion coefficient D. Experiments have shown 

log,» D = 1.985—2640/T, (12) 
where T is the absolute temperature. The temperature coefficient of D is 
found to be the same as that of the viscosity of the Petrolatum. 

The final limiting area of a lens of a given volume increases in proportion 
to the concentration and corresponds to a = 88 x19-* cm? per molecule 
of stearic acid at the interface (assumed molecular weight 284). This is about 
four times the area of the molecules in a condensed film on water. 

With solutions stronger than w = 10° the lenses spread at a rate too fast 
to measure and as they no longer remain circular it is difficult to measure 
the area accurately. 

When concentrations from 0.001 to 0.006 are used, the films become so 
thin that iridescent colors appear. This color may be used to measure the 
thickness ¢ of the film and from this the area per molecule can be calculated 
by the equation, 

Nowat = M, . (13) 
where M is the molecular weight, N the Avogadro constant 6.06 x10%, and 
@ is the density of the lens. 
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These interference colors are produced when the thicknesses of the oil film 
are definitely related to the wave-length of the light. An empirical method 
has been developed by which the thickness can be measured within about 
1 or 2 per cent by matching the color of the film against that of a ‘comparison 
film”. A ‘‘comparison oil’? may be made by oxidizing a good grade of lubri- 
cating oil, from Pennsylvania petroleum, in an open dish on a hot plate, raising 
the temperature until the oil smokes. This heating is continued until, when 
a drop of the oil is placed on water, the color obtained corresponds to the first 
order of yellow, that is, the thinnest film which shows appreciable color. 
A drop of known volume (from a calibrated pipette) is then placed on water 
on a large tray. By moving a barrier the area of this film can be decreased and 
as this is done the color changes from the original yellow through a series 
of other colors. In this way the color can be brought to match that of any 
other colored oil film whose thickness it is desired to measure. The thickness 
of the film of the comparison oil can always be determined by dividing the 
volume of the drop by the area occupied by it on the tray as determined by 
the position of the barrier. When the color of the comparison films is the 
same as that of the film to be studied, then the thickness is the same if the 
“Corder” of the color is the same and if the refractive index of the oil is the 
same. It is easy to tell whether the order is the same by seeing whether the 
comparison oil and the disc are the same in color when viewed at several different 
angles of incidence. 

This method of measuring the thicknesses of various thin films has been 
found to be extremely convenient. When applied to Petrolatum films on 
alkaline water it gives for a, the area per molecule, the same value (88 x 10-"*cm*) 
as that obtained from the discs of dilute solutions, # = 10-5. 

Thus the monomolecular film at the interface of alkaline water has no 
appreciable solubility in the Petrolatum. When small amounts of calcium 
are present in slightly alkaline water, the area per molecule of the monomole- 
cular film at the interface becomes roughly one-quarter as great as in the 
absence of calcium so that the area per molecule is probably about 20 x 10-** cm?. 
The films at the interface are also solid instead of liquid as when calcium salts 
are absent. This can be seen strikingly by introducing, by means of a capillary 
tube, a little of a dilute solution of a calcium salt just under a thin lens of 
Petrolatum containing stearic acid (w = 5 10-5) which is resting on water 
containing N/100 sodium hydroxide. Where the calcium comes into contact 
with the interface it causes the film to become about four times thicker. This 
thickened area can then be pushed around by a platinum wire very much as 
a cake of ice can be moved over the surface of a lake. The interfacial film in 
presence of calcium thus becomes a 2-dimensional solid. 

On acid water (N/100 HCl) it frequently takes hundreds or even thousands 
of times as much stearic acid in the Petrolatum to produce a given amount 
of spreading in the lens. This is. due to a solubility of the monomolecular film 
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on acid water in the Petrolatum. This solubility increases rapidly as the tem- 
perature increases. 

Let me describe the experimental results that Dr. Blodgett has obtained 
at a temperature of 33°C. When a few cubic centimeters of a solution of stearic 
in Petrolatum of a concentration less than w = 0.0031 are placed upon N/100 
HCI, lenses are formed which show a contact angle more than about 7°. This 
angle increases up to about 55° as w is made to decrease towards zero. From 
these measurements it is possible to calculate F,,, the spreading force at the 
interface due to the adsorbed film of stearic acid. The amount of stearic acid 
adsorbed at this interface under these conditions is negligible compared to the 
amount that remains dissolved in the Petrolatum so that equilibrium establishes 
itself quickly. 

With a concentration w = 0.0031, the value F,, has reached’11.8. With 
a concentration greater than w = 0.0034, F,, > 12.2 which makes the spreading 
coefficient F, > 0, and the lens tends to spread indefinitely. This large increase 
in area and the resulting increased amount adsorbed withdraws stearic acid from 
the Petrolatum solution until the concentration is reduced to a critical value tw 
which is equal to 0.0034 at 33°C. The area to which these duplex films spread 
is thus proportional to the excess of the original concentration w over wp. 

From the slope of the straight line obtained by plotting the area against 
w, the area per molecule, a, can be measured. The experiments show that 
a = 64x10 cm, this being calculated by assuming that the molecular 
weight of stearic acid is 284. 

When w is increased to about 0.006, the duplex films become so thin that 
interference colors are observed. With w > 0.010 the films become too thin 
to show interference colors. In this range from 0.006 to 0.010 the thickness 
of the film can be measured by color, using a comparison film, and the values 
of a calculated by Eq. (13) are again found to be equal to 64 x10-* cm’. In 
these experiments the lens or duplex film has been applied to the acidulated 
water on which no film is present so that F, = 0. 

Further experiments with duplex films were then made by placing on the 
water monomolecular films of stearic acid under a known surface compression 
so that F, was maintained at a given value such as 2, 4, or 6 dynes cm-. Small 
amounts of the solution of stearic acid in Petrolatum were then applied and 
the thicknesses of the duplex films were determined by the color. For any 
given value of F, the reciprocal of the thickness gives a straight line when 
plotted against w. The intercept of this line on the w-axis gives the critical 
, corresponding to this value of F,. The slope of the line gives us the value 
of a. Since with these duplex films F, = 0 and since y,, the surface tension 
of the upper surface of the Petrolatum, is unchanged by the presence of stearic 
acid, it follows that F,, = 12.2+F,. 

We have previously shown that by measuring contact angles, the relation 
between F,, and w, can be obtained for values of F,, ranging from 0 up to 11.8. 
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The data obtained with duplex films for different values of F, then permit 
F,, to be obtained as a function of w, for values of F,, > 12.2. Although the 
‘experimental methods are entirely different, the two curves appear to be parts 
of a single smooth curve. 

According to Gibbs’ equation (8) we can calculate o, the number of ad- 
sorbed molecules per unit area, from the variation of long w with F. The value 
of a found in this way at the point where F, = 0 (Fig = 12.2) gives a = 127 
x 10-* cm? which is twice the value obtained from the slopes of the plots 
of the reciprocal of the film thickness against #. Measurements at all points 
of the curves show the same 2 to 1 relationship of the values of a by the two 
methods. This discrepancy disappears, however, if we assume that the stearic 
acid in the Petrolatum solution exists as double molecules which are sufficiently 
non-polar for Raoult’s Law to be applicable. On this basis the area a obtained © 
by the use of Gibbs’ equation is the area occupied in the interface by the amount 
of stearic acid which constitutes a molecule in the Petrolatum phase. Thus if 
we let a be the area occupied by the amount of stearic acid corresponding 
to a single molecule of the molecular weight 284, we must divide the calculated 
weight by 2. 

A justification of the assumption that the stearic acid exists as double mole- 
cules in solutions of hydrocarbons is obtained by studies of the solubilities 
of stearic acid at various temperatures. According to Raoult’s Law, the loga- 
rithm of x, the mole fraction of the stearic acid in the saturated solution, 
should be a linear function of 1/7, and the slope of this line should correspond 
to the heat of fusion of the stearic acid. Experiments on the solubility of stearic 
acid in tetradecane, C,,Hsp, and in decahydronaphthalene, C,oH,,,* have 
shown that the slopes of the straight lines that were obtained correspond to 
twice the heat of fusion of stearic acid as given by Garner and King.* This 
also indicates that the stearic acid molecules in solutions in hydrocarbons 
exist as double molecules. Measuring the solubility of stearic acid in Petro- 
latum, the experiments indicate again double molecules if the average molecular 
weight of the Petrolatum is taken to be 600. 

We have seen from our analysis of the F—a diagrams of expanded films 
that the equation of state of adsorbed films at the interface between oil and 
water should be given by Eq. (6). If this is so, then by combining this equation 
with Gibbs’ equation (8), and assuming the existence of double molecules 
in the solution, it should follow that 2 log F,, — log w, should be a linear 
function of F,,, and that the slope of this line should be proportional to the 
value of a, given by Eq. (6). When the experimental data which give F\, as 
a function of w, are replotted using (F,,)*/w, a8 ordinate on semi-logarithmic 


* This substance was kindly supplied to us by Dr. W. Carothers of the DuPont Experi- 
mental Station. 
* W.E. Garner, A.M. King, ¥. Chem. Soc. (1929), 1849. 
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paper against F,, as abscissa, a good straight line is obtained, the slope of which 
gives the value a, = 25 x 10-"* cm?. 

Similar experiments have been carried out at a series of temperatures lower 
than 33°C. At each temperature it is found that with concentrations below 
a certain critical value w,, the data are in agreement with Eq. (6) with the same 
value of ay. All of these results at temperatures ranging from 10° to 33° may 
be summarized by the equation 

logis [F,2/wo] = —0.465 + (1740—15.8F,,)/T. (14) 

At each temperature a kink occurs in the curves expressing F,, as a function 
of w), when w, = w,, and for values of w, above this critical value a is found 
to be constant and equal to approximately 25 x10-1*. In other words, the adsor- 
bed film at the interface between the oil and water changes suddenly from 
a 2-dimensional gas to a 2-dimensional liquid. This transition seems to be 
entirely similar to that which we have concluded must exist in the case of 
expanded films of fatty acids on dilute acids. 

This sudden change of state of the stearic acid film at the interface between 
oil and water produces some striking phenomena. For example, if a solution 
of stearic acid in Petrolatum of a concentration w = 0.0023 is placed upon 
acidulated water at 23°C, a relatively thick lens is formed which shows a contact 
angle of about 10°. On cooling the water to 19° the lens expands to several 
times the original area. Abrupt changes in the color of the duplex films formed 
with somewhat more concentrated solutions are observed at certain critical 
temperatures. On cooling to these temperatures the films suddenly expand 
so that the thickness decreases to less than one-half their original thickness. 
All of these phenomena are completely explainable by this transition between 
the liquid and gaseous 2-dimensional film. 

The duplex films produced on either alkaline or acid water by solutions 
of stearic acid in Petrolatum are inherently metastable films for they gradually 
tend to break up into small lenses which show contact angles of about 6° or 8°. 
Fortunately, however, this change to a thermodynamically more stable form 
occurs sufficiently slowly so that measurements of the metastable equilibrium 
are possible. i 

The breaking up of the duplex film into lenses is a phenomenon of consider- 
able interest. During this process the duplex film and the small lenses formed 
shed a certain amount of their stearic acid onto the surrounding water surface. 
Within a confined area this results in the building up of a small external surface 
pressure measured by F,. At a temperature of 33° the shedding of the stearic 
acid by the lens begins at a definite concentration w = 0.0031, so that it is 
only above this concentration that the metastable form of the lenses exists. 
With a concentration w = 0.0033 a lens is formed which gradually spreads 
into a thin disc. This soon becomes thicker near its outer boundary and finally 
peels back to form one or more small lenses leaving a film of stearic acid on 
the water. 
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Cary and Rideal® have shown that pure fatty acids in their liquid or solid 
states, when applied to N/100 HCI cause no reduction in the surface tension 
of the water until a definite temperature is reached and that above this tem- 
perature F, (the reduction of surface tension) increases linearly with the tem- 
perature. No theoretical reason was given for this linear increase with 
temperature. 

A study of the vapor pressures of the liquid fatty acids for which data are 
available indicates that for N > 10 the vapor pressures should be given by 
the equation, 


logy p, = 11.25—(2128 +83.7N)/T, (15) 


where p, is the vapor pressure of the liquid in baryes and N is the number 
of carbon atoms in the molecules of the fatty acid. For stearic acid (N = 18) 
we thus have 

logis P, = 11.25—3621/T. (16) 


The vapor pressure of solid stearic acid can then be calculated from Garner 
and King’s® values of the melting point and from the heat of fusion: 


logio P, = 20.76—6888/T. (17) 


A condensed of stearic acid on acidulated water under no external surface 
pressure (that is, for F, = 0) must exert in the air above it, under equilibrium 
conditions, a definite partial pressure p, which should vary with the tempera- 
ture according to an equation of the form 

logis Pp = Ay—B,/T. (18) 

For such a condensed film we may take a = constant and therefore o, 
which is equal to 1/a, should be placed constant in Eq. (8). Integration then 
gives 

In (P/po) = aF/RT, (19) 
where ~), which appears as an integration constant, must be the same as the 
Po of Eq. (18) since it is the partial pressure of the stearic acid in a film for 
which F = 0. 

If now we apply Eq. (19) to the case where the film on the water is in equili- 
brium with solid stearic acid, p becomes equal to p,. Thus combining Eqs. 
(17) and (18) with Eq. (19) and introducing the value @ = 25 x10“ and 
k = 1.37 x10—*, we find that the spreading force F produced by solid stearic 
acid is given by 

7.90F = (20.76—A,)T— (6888—B,). (20) 

Thus the linear relation between F and T found by Cary and Rideal depends, 
by Gibbs’ equation, upon the fact that the film produced is a condensed film 
for which a is approximately constant. 


°® Cary and Rideal, Proc. Roy. Soc. A 109, 301, 318, 331 (1925). 
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Now Cary and Rideal have found that the linear relation between F and 

the temperature ¢ is given by 

F = 0.553(t—17) (21) 
and that the coefficient 0.553 is approximately the same for all the saturated 
fatty acids. 

Dr. Blodgett has placed upon acidulated water a thin paste of stearic acid 
in Petrolatum obtained by cooling a solution saturated at a higher temperature. 
When the temperature is raised, this drop of paste begins to shed stearic acid 
at a definite temperature. All such measurements (including Cary and Rideal’s 
are apt to be greatly affected by the presence of traces of impurities. By the 
technique that we have developed it has become possible, however, to allow 
all traces of impurities to escape before the final measurements are made. 
In this way it has been found that the temperature at which the saturated 
solution of stearic acid begins to shed its stearic acid as a monomolecular film 
is 28°C and not 17° as given by Cary and Rideal. For myristic acid, however, 
Dr. Blodgett’s results are in good accord with Cary and Rideal’s. Therefore 
in place of Eq. (21) we believe that the equation which expresses the spreading 
force of solid stearic acid should be given by 

F = 0.553(T—301). (22) 


Comparing this equation with Eq. (20) we find that A, = 16.39, B, = 5573. 
Substituting these in Eq. (18), and introducing the value p, into Eq. (19), 
we finally obtain 

logis p = 16.39—(5573—7.9F)/T. (23) 
This equation gives the partial vapor pressure of a condensed film of stearic 
acid on acidulated water as a function of the temperature T and of the applied 
external surface pressure F. 

From Raoult’s Law applied to the double molecules and from our experi- 
mental data on the solubility of stearic acid in Petrolatum the partial pressure 
of stearic acid over any solution of this substance in Petrolatum is given by 

logis P = 10.908 —3533/T +(1/2) logy, w. (24) 


The true thermodynamic equilibrium, therefore, between any lens of stearic 
acid in Petrolatum and a surrounding water surface can therefore be obtained 
by eliminating p between Eqs. (23) and (24) giving 

logy) w = 10.964—(4080—15.8F)/T. (25) 


I have described these preliminary results of our studies of oil lenses 
containing stearic acid in considerable detail because I believe that the methods 
we have worked out should lay the foundation for an exact thermodynamic 
analysis of the energy relationships of adsorbed films on water and on the 
interfaces between oil and water. A further analysis of these data should make 
it possible to get detailed knowledge of the forces acting between these ad- 
sorbed molecules. 
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I have laid a good deal of emphasis on the adsorbed films at the interface 
between oil and water because these have, I believe, far more practical signi- 
ficance than the films that can be formed at the surface between water and air. 
The results should be of interest in connection with any study of emulsions, 
but I believe they will be particularly useful in the field of biology. The behavior 
of living cells depends very greatly upon what takes place in the cell walls which 
must depend fundamentally upon the phenomena at the interface between 
two liquids and upon the modification of this interface by the presence of 
adsorbed substances. It is well known by biologists that living cells require 
a delicate balance between the concentrations of sodium, potassium, calcium, 
magnesium and hydrogen ions in the solutions in which they are immersed. 
In our studies of the interface between oil and water we have found a similar 
sensitiveness to the effects of these ions, and if the methods that we have 
evolved can be applied by the biologists in the study of their problems, I feel 
that our work has been amply rewarded. 
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Tue stupy of the behavior of gaseous or dissolved substances adsorbed on 
surfaces has yielded very much new information on the size and shape of 
molecules and on the properties of thin films. Adsorption of molecules can 
take place on surfaces which form the boundary surface between any two 
phases. If an exact knowledge of the size of the surface is necessary, any smooth 
surface, such as that of a metal, that of a liquid, e.g. water, or that between 
two immiscible solvents, such as oil and water, is used. The study of the two 
latter types of surfaces is of particular interest to biologists since they have 
a close relationship to the surfaces found in living cells. 

Many oils and fats, if placed on water, spread out and form extraordinarily 
thin films, the thickness of which is of the order of 10-? cm. As is well known, 
the general characteristic of all such spreading materials is that their molecules 
contain hydrophilic groups of atoms, such as the —OH group or the —COOH 
group. These molecules do not possess a uniform surface, for the greater 
part of the molecule has a very low affinity for water. In most common fatty 
acids the —COOH group is situated at the end of a long water-insoluble 
hydrocarbon chain. When the molecules spread out on the surface of the 
water they arrange themselves on the water in such a fashion that they pro- 
ject with their heads (—COOH groups) almost vertical in the water, while 
their tails are closely packed together above the plane in which the heads are 
situated. When the molecules have arranged themselves in this way over the 
whole available surface the oil spreads no further and a single or monomo- 
lecular layer of oil molecules on the water-air boundary surface is formed. 

The properties of such a film can be investigated with a comparatively 
simple apparatus which consists principally of a long shallow rectangular 
trough filled with water. A floating strip of paper is arranged transversely 
across the trough and reaches almost from one edge of the trough to the op- 


1 Translated by A. Siehr (Leipzig) from the text of the inauguration ceremony of the 
Lilly laboratories at Indianopolis, 1934. 
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posite one. A balance is connected to the indicator in such a way that a force 
acting at right angles to the strip of paper can be measured. A jet of air at 
each end of the strip prevents the escape of oil through the small gaps be- 
tween the strip and the edges of the trough but allows the paper strip to move 
freely in either direction through a distance of about 1 cm in accordance 
with the forces which are allowed to act on it on one side or the other. 

A measured amount of an oil is placed on the water on one side of the strip 
and is confined to a given area by méans of a crossbar arranged parallel to 
the strip. If the contents of the area are altered stepwise, the force acting on 
the balance can be measured as a function of the contents of the surface per 
molecule. Equations which express this relationship of force to surface con- 
tent show for two dimensions complete agreement with those which, for three 
dimensions, connect pressure and volume. Thus, a gas compressed by a mov- 
ing piston in a cylinder takes up a volume which is inversely proportional 
to the applied pressure, while the same substance in solid or liquid form can 
only be compressed with difficulty. These fatty ‘acid films do not spread in- 
definitely and only be compressed to a slight extent. It follows from this that 
they are two-dimensional liquids and solids rather than gases. Thus, for 
instance, films of fatty acids on water which is weakly alkaline and contains 
calcium ions are perceptibly solid. This can be seen from the fact that, under 
slight external pressure, it can withstand considerable shearing forces. On 
the other hand, a monomolecular film of cetyl alcohol C,,H;;OH on water 
behaves as a liquid, for it can be made to circulate by gentle blowing even 
under a high surface pressure. 

The boundary surfaces between oil and water are much more important 
from a technical standpoint than the free water surface. We are dealing with 
adsorbed films at the oil-water boundary surface in the case of emulsions, 
for example, and to a certain extent at the walls of living cells in an aqueous 
medium. 

In these investigations solutions of stearic acid in a pure hydrocarbon min- 
eral oil, containing 10-¢ to 10-* parts by weight (w) of the acid, were used. 
If small amounts of these solutions are placed on water, the phenomena 
observed depend markedly on whether the water is acid or alkaline; and, if 
it is alkaline, minute traces of calcium or magnesium salts affect the results 
to an extraordinary degree. ; 

If very dilute solutions of stearic acid in mineral oil (w between 10-5 and 
510-5) are placed on water containing 0.02N sodium hydroxide, the drops 
are initially lens-shaped. Soon, however, it can be observed that the diameter 
of the lenses increases and that, as they spread, they become thinner in pro- 
portion. Experiments show that the increase of the diameter ceases when 
the whole of the stearic acid has diffused out of the oil into the oil-water bound- 
ary surface and that the area covered by the lens is proportional to the amount 
of stearic acid present. The area a occupied by each molecule at the boundary 
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surface can be calculated from the number of molecules present and the area 
covered. These experiments give a 88 x10-%* cm? per molecule of stearic 
acid, in comparison with a = 20.4 10-1 cm, the area which is occupied 
by each stearic acid molecule when it is closely packed with others on the 
surface of the water. This fact alone indicates that the adsorbed film at the 
boundary surface is gaseous. 

When higher concentrations of stearic acid of 0.001 to 0.006 are used, the 
films become so thin that they show interference colors, the color remaining 
uniform over the whole surface of the film for a second or even longer. These 
very thin films are not stable but break up very rapidly to form a network, 
the oil drawing together into threads and lenses and thereby even separating 
from the stearic acid, which remains behind on the water surface in a mono- 
molecular layer. It can be very convenient to work with these colored oil 
films, since the color enables us to determine the film thickness b, so that, 
using solutions of known concentration m per unit volume and with complete 
adsorption of the stearic acid of the film on the boundary surface, we can 
calculate a by a simple equation 


anb = 1. 


The method of determining the film thickness from the color consists in 
bringing the color of the film into agreement with that of a film of oxidised 
lubricating oil, the colored films of which are stable for long periods. A drop 
of known volume of a “comparison oil’’ is placed on water in a wide trough. 
The area of the oil film can be diminished by moving a crossbar held by the 
edges of the trough. By this action the color changes from a pale yellow, which 
corresponds to an actual thickness of half a wavelength of blue light, to a whole 
series of other colors. In this way the color can be brought to a match that 
of any other colored film, the thickness of which it is desired to measure. It 
is, of course, necessary that the colors in the two films are of the same “order’’. 
This can be established by observing whether the comparison oil and the 
oil under investigation have the same color at different angles of incidence. 

It is found that the values of a which are determined from these values 
of 6 are the same (88 x 10-?* cm*) as for the lenses of very dilute solutions 
for which w = 10-5. These results show that, on alkaline water, there is no 
measurable solubility of the film in mineral oil, so that the whole of the 
dissolved substance is adsorbed at the boundary surface. Quite minute traces 
of calcium—even concentrations of 10-5 molar—are sufficient to alter these 
results completely. The film at the boundary surface then becomes, instead 
of gaseous, solid and form-retaining and the area per molecule is about 20x 
10-6 cm?. This sensitivity to the action of calcium ions permits a close 
analogy between these films and the walls of living cells to be assumed. Biol- 
ogy teaches that the state of living cells is extraordinarily strongly influenced 
by the ratio of the calcium and sodium ion concentrations. Investigations of 
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the simple relationships in such oil-water boundary surfaces could be of use 
in the elucidation of these fundamental biological phenomena. 

Oil films behave quite differently on acid solutions. When drops of 
stearic acid solutions in mineral oil are placed on dilute HCl (0.01N) the 
stearic acid adsorbed at the boundary surface between oil and water exhib- 
its a considerable solubility in the mineral oil. Not only does this solubility 
increase with increasing temperature but it is also dependent on the 
spreading pressure at the boundary surface. 

Two methods have been developed for measuring this spreading pressure 
and the area occupied per melecule. One is suitable for the measurement of 
spreading pressures on boundary surfaces of up to+-12 dyne/cm. The other 
method can be used for higher pressures. 

A lens is prepared on the water surface with a sufficiently dilute stearic 
acid solution. Three surfaces meet at the outer edge of this lens, namely the 
air-water boundary surface, the air-oil boundary surface, and finally the 
oil-water boundary surface. Under our experimental conditions the surface 
tension at the last-named boundary surface can be determined by a some- 
what crude and simple measurement of the contact angle between the oil-air 
boundary surface and the water-air boundary surface. From this value for 
the surface tension the spreading pressure of the adsorbed stearic acid mole- 
cules in the oil-water boundary surface can then be calculated. 

With stearic acid concentrations higher than w = 0.0034 at 33°C the lenses 
have a tendency to spread indefinitely. As a result of this growth of the sur- 
face and the consequent increase in the amount adsorbed, stearic acid is re- 
moved from the mineral oil solution until the concentration has fallen to the 
critical figure of 0.0034 at 33°C. The area over which these double films spread 
is therefore proportional to the amount by which the original concentration 
exceeds 0.0034. 

From the deviation from rectilinearity which is obtained by plotting sur- 
face area against concentration, the area per molecule was calculated as 64 x 
10-16, assuming a molecular weight of 284 for stearic acid. Experiments by 
two different methods showed that the molecular weight for stearic acid must 
be doubled, since the acid is present in oil solutions as double molecules. 

The results obtained at sufficiently high values of the spreading pressure 
and sufficiently low temperatures show that the adsorbed film is no longer 
gaseous but has condensed to a liquid film in which the area per molecules 
(assuming a normal molecular weight) is 25 x 10-1 cm. 

Much new information about molecular films can be discovered by trans- 
ferring them to solid surfaces and studying their mechanical properties. 

A monomolecular film of calcium stearate can be deposited on glass if the 
film is transferred from a water surface to microscope slide. Additional layers 
can be deposited one after the other on the first layer, by a method to be 
described later, until a film is formed which consists of any desired number 


20 Langmuir Memorial Volume IX 
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of molecular layers from one to 200 or more. If more than nine layers are 
deposited the thickness of the film becomes sufficiently great to show 
interference colours. The film passes through more than two whole orders of 
the spectrum of white light when the thickness is increased from 15 to 200 
layers. Films of calcium palmitate and calcium arachidate were deposited 
by the same method and the thicknesses of the three series of films were 
compared by observation in monochromatic light. 

A film of calcium stearate on a water surface is obtained by bringing a small 
amount of stearic acid dissolved in benzene on to a clean surface of calcium- 
containing water. The stearic acid spreads very rapidly to form a monomo- 
lecular film, 0.1 mg of stearic acid covering 440 cm*. The benzene evapo- 
rates immediately. If the pH of the water is higher than about 6.0, the Ca ions 
of the water combine with the carboxyl groups of the adsorbed molecules 
and convert the film into calcium stearate. 

The film is transferred from water to glass by slowly raising a clean micro- 
scope slide from the water on which the film is spread. A constant surface pres- 
sure is exerted on the film during the raising of the glass through the surface. 
If the water is sufficiently alkaline—(pH > 8.5)—the stearate molecules show 
a strong tendency to adhere to the glass and are forced by the surface pres- 
sure out of the water and on to the glass. The molecules transferred in this 
way have deposited in a single layer and are orientated on the glass in the 
same manner as on the water, that is, the (—COO),Ca groups are directed 
towards the glass and the CH, groups away from the glass. A film in which 
the molecules are so arranged that the outer surface consists only of CHys 
groups is not wetted by water. Consequently the water retires where the film 
adheres to the solid surface and, if the slide is removed from the water really 
slowly (5-10 cm/min), it emerges completely dry. The speed with which the 
slide is raised can therefore be so adjusted that the stearate film is deposited 
uniformly over the whole surface. ; 

If the pH of the water is lower than 8.0 to 8.5, the film exhibits a smaller 
tendency to leave the water and adhere to the glass and at pH < 7.0 its tend- 
ency to adhere to the glass is almost completely lost. Excellent films can, 
however, be deposited from water of pH = 6.0-7.0 if the glass is withdrawn 
from the water in a completely wet state, the water surface on the glass then 
being covered with calcium stearate, and the water under the film is then 
removed by slowly drying the slide at a moderate heat. 

In both these methods it is important that the film is kept under constant 
pressure as the glass is raised. This pressure is most conveniently obtained 
by placing a small drop of castor oil or oleic acid or another hydrophilic oil 
at the end of the trough. A hydrophilic oil has the property that its molecules 
spread on water until they have covered the whole available surface with a mono- 
molecular layer. In this layer they compress themselves until that surface 
pressure is established which is characteristic for the oil concerned (about 
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30 dyne/cm for oleic acid). If, now, the surface layer is occupied in this way, 
the rest of the oil can no longer spread but remains collected into one or more 
lenses. If, however, new space becomes free on the water surface, oil spreads 
out} instantaneously from these lenses and covers the new surface, also, 
with a monomolecular layer. Thus, an oil drop placed at the end of the trough 
acts as a “surface piston” keeping the stearate film always under constant 
pressure. As the stearate film disappears from the water through transfer 
to the glass, further piston oil spreads out, occupies an equal area, and thus 
keeps the pressure constant. The line of separation between the piston oil 
and the stearate film is marked by a waxed silk thread floating on the surface. 
Before the piston oil is placed on the surface the thread is arranged in the 
form of a loop so that it surrounds the stearate film completely while the pis- 
ton oil remains outside the loop. 

When the glass is covered with a first layer, further layers may be added 
in succession by immersing the glass in the water and withdrawing it again. 
Two different kinds of layers can be deposited in this way, the occurrence 
of which depends mainly on the pH of the water: 

(a) “Two-way” layers, pH < 7.0. A layer of this type is deposited whenever 
the glass is raised through a surface film and also whenever it ‘is lowered 
through the film. When, therefore, the microscope slide is immersed in water 
on which the calcium stearate is spread and again withdrawn, the first layer 
is deposited, as described above, on the first withdrawal, the second layer 
at the next immersion, the third at the next withdrawal, and so on. 

The layers can easily be deposited on one another at a speed of 10-20 per 
minute, provided that the water has a suitable temperature and H ion con- 
centration. A solution giving excellent results can be prepared by the addition 
of 0.0001 molar Ca(HCO,), to pure distilled water. The Ca(HCO,), is pre- 
pared beforehand in concentrated solution by passing CO, into a suspension 
of 0.5 parts of granular CaCO, in one litre of water until it has completely 
dissolved. This solution is transferred to the water trough and air is blown 
through, in order to remove the excess of CO,, until the pH reaches 6.4. The 
water must be maintained at pH = 6.4-6.6 at 22-23°C. If this solution is 
in equilibrium with the CO, contained in ordinary air it has a pH of approxi- 
mately 6.9. In consequence, a small amount of CO, must be passed through 
the water about every 45 minutes. The lower value is chosen on ‘account 
of the fact that at pH = 6.9 the film on the surface of the water is so solid 
that it crumbles on being broken, so that on immersing and withdrawing 
the slide through the surface, broken pieces of film gradually collect on the 
glass and impart to it a turbid soap-like appearance. At pH = 6.4, however, 
this does not occur. 

In using this solution, the first layer must be “dried on to” the glass, as 
described above. The subsequent layers deposit very rapidly, since, on the 
second withdrawal, in which the third layer is deposited, the glass repels the 
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water on withdrawal through the surface as strongly as if it were covered with 
paraffin wax. A considerable difference exists between the forces which attach 
a film to a subjacent calcium stearate layer and those which cause it to adhere 
to clean glass, for a film will not leave the water in order to adhere to glass 
(unless the water is removed by drying); on the other hand, it adheres readily 
to glass coated with one or more layers of calcium stearate. 

(b) “One-way” layers, pH > 7.5. Their typical property is that they can 
only be brought on to the microscope slide when the slide is moved downwards 
into the water. On raising the glass out of the water, no layer is deposited. 
The question whether a layer has deposited or not is decided by observation 
of the movement of the thread enclosing the stearate film on the water. When 
a film has transferred from the water to the glass, the area of the film on the 
water is diminished to an extent which is exactly equal to the surface of the two 
sides of the glass, and the pressure of the piston oil outside the enclosure causes 
the thread to advance to a corresponding extent. If no layer has been transfer- 
red, the thread does not move. 

One-way layers are not deposited directly on to glass, for the first 
five to ten layers appear, even in alkaline water, as two-way layers. After the 
deposit of these first layers, the film begins to “slide off”? on the withdrawal 
of the glass, that is, it does not adhere to the glass when this is withdrawn 
through the surface. In this case, the water gradually forms a considerably 
more acute angle of contact with the glass than when it falls back and thereby 
deposits a film. The molecules: of this type of film are packed together more 
closely than in the two-way film and therefore repel the water more strongly. 
Often the film slides off only at one part of the slide and remains adherent 
to the rest of it. No regularity could be found that determines the minimum 
pH that causes the film to slide off, nor the number of layers of the two-way 
type that must be deposited compactly on the glass before the sliding off begins. 
At pH = 7.0-7.5, 40 or more layers of the two-way type can be deposited; 
then, however, for no obvious reason, the films begin to slide off one part of 
the slide and one-way layers are obtained on this part of the surface for the 
next 10-20 layers, until the two-way process again comes into play. In the 
mean time, the other part of the slide has continued to take up two-way films 
so that a glass with one part covered with a greater number of layers than 
another is obtained. This drawback can be avoided by working at pH > 8.5 
and using fresh solutions. The alkalinity can be maintained by adding Ca(OH), 
at intervals of a few minutes or by the addition of NaOH with the use of 0.001 
molar NaHCO, as buffer. The presence of sodium ions in this concentration 
appears not to affect the properties of the Ca stearate film. 

In order that films consisting of several molecular layers may be caused 
to show interference colors, the glass on which the films are deposited must 
have refractive index sufficiently different from that of the film. Then the 
light is strongly reflected from the optical boundary surface between the film 
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and the glass. Films on glass containing a high percentage of lead show very 
vivid colors. It can be observed that a film which contains only seven layers 
exhibits a pale yellow-brown color, which is to be ascribed to the absence 
of blue light. With an increasing number of layers, the color of the ‘film 
changes in accordance with the color absent at any time and the longer waves— 
green, yellow, red—appear in succession. On adding further layers,. the 
spectrum repeats itself. 

A method was developed of fixing the successive stages by depositing on 
a single slide “steps” of 21, 41, 61, etc., layers or any other sequence of steps. 
The steps are made by covering all except 0.5 cm of a clean, moist microscope 
slide with another clean, damp slide of the same size. After the required number 
of layers have been deposited, the covering glass is shifted 0.5 cm so that it 
leaves 1.0 cm of the surface uncovered. The next layer is then deposited on 
both the first and second sections. The colors can be made to appear much 
more vivid by pressing a wet cobalt blue glass against the back of the slide 
on which the layers are deposited. The latter then.forms the filling of a “sand- 
wich” between the cobalt glass and the covering glass, all three being held 
together by a clamp on the end of a rod. The rod is raised and lowered by a simple 
hand-driven winch. The “sandwich”? must be assembled under water and 
the cover glass can only be moved when the slide is under the water, in order 
to prevent the contaminating oil film from reaching the glass. 

On observation in white light, a slide covered with steps shows bands of 
color. On using monochromatic light, the bands with an intensity minimum 
can be clearly distinguished. The steps can be so chosen that the intensity 
of any minimum is symmetrical with respect to that of a neighboring step: 
the number of layers corresponding to this intensity minimum is then un- 
equivocally determined. For example, calcium stearate films deposited in steps 
of 15, 25, 35, 45 and 55 layers and observed in sodium light at a normal angle 
of incidence exhibit a minimum at step 35 but the intensity of this minimum 
is not symmetrical with respect to steps 25 and 45, step 45 appearing consid- 
erably darker than step 25. If four more layers are deposited over the whole 
slide, thus bringing the steps to 19, 29, 39, 49 and 59 layers, it is found that 
step 39 is symmetrical with respect to steps 29 and 49. The thickness of 39 
layers therefore corresponds to a maximum of the interference with sodium 
light. A second minimum at 121 layers and a third at 203 layers were established 
by the same method. 

Films of Ca palmitate, Ca stearate and Ca-arachidate were deposited by 
this method. The suitability of these substances as “building materials” for 
films depends essentially on the chain length. Calcium palmitate, with 16 
carbon atoms in the chain, is difficult to work with and satisfactory films are 
seldom obtained after the deposition of 100 layers since the small defects of 
the first 100 layers cause an ever increasing roughness of the surface. Calcium 
stearate (C,,) works well and calcium arachidate (C,,) the best of the three. 
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The thickness ¢ of a film which shows an intensity minimum on obser- 
vation with light of wavelength 4 is, for a normal angle of incidence, 


t= Ont) in this expression n has values of 0, 1,2... and yu is the re- 


fractive index of the substance on which the film is composed. We can thus 
calculate the values of ut for the first, second and subsequent minima, using the 
wavelength A, = 5.89 x 10-5 cm for sodium light. With calcium palmitate, for 
example, the first minimum appears with a film 45 layers thick, and the second 
with a film 138 layers thick. Calculation from the above formula shows that 
these 93 additional layers of palmitate increase the value of ut by 2.95 x 10-5 cm. 
The thickness per layer of molecules, multiplied by yu, therefore amounts to 
2.95 x 10-5 divided by 93, that is 3.18 x 10-? cm, and the increment in yt per 
carbon atom amounts to 1.98 x10-* cm for the 16 palmitate carbon atoms. 
It is found that the values for these mean vertical increases in height per carbon 
atom, multiplied by 4, are almost identical for the three substances Ca pal- 
mitate, Ca stearate and Ca arachidate. 

The refractive index of each of these three substances was not determined; 
it is known, however, that it is between 1.4 and 1.5. If we take an approximate 
value of 1.45 for all three substances we obtain the following results for the 
thickness of the molecular layers: 


Calcium palmitate .... 2.18x10-? cm 
Calcium stearate .... 2.48x10-7 cm 
Calcium arachidate. . . . 2.77x10-7 cm. 


Measurements on one-way films of calcium stearate on water of pH 8.8-9.0 
show minima for sodium light at intervals of 74 layers. This gives a thickness 
of 2.74 10-7? cm for calcium stearate in one-way layers. 

The 11 per cent increase in the thickness over the value of 2.54 x 10-7 cm 
obtained for two-way films at pH 6.4 indicates a closer packing of the molecules 
transferred from alkaline water, which forces them into an almost vertical 
position. It was known that fatty acid molecules are more closely packed on 
alkaline water than on acid, and our results show that this difference in 
packing persists even on glass. 

Films deposited on glass can be released from the glass by acid, the whole 
film floating off on to a water surface. For this purpose, a few drops of acid 
(20-50 °/, HCl) are placed on the end of the slide, from which the film has 
been wiped off, so that the acid comes into direct contact with the glass. The 
slide is tilted slightly in order to bring the acid up to the edge carrying the 
rest of the film. The acid then slowly creeps under the film and breaks the 
adhesion of the film to the glass without, however, disintegrating the film itself. 
A film which shows a given interference color on glass gives the complementary 
color when floating on acid or water, since the light waves reflected from 
a stearate-glass boundary surface have a phase difference of 180° with respect 
to light waves reflected from a stearate-water boundary surface, the refractive 
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index of glass being greater and that of water and smaller than the refractive 
index of the stearate. 

One-way films can be deposited on the most diverse metallic surfaces. 
Preliminary investigations with metals have shown that films on polished 
chromium plated surfaces and polished nickel surfaces exhibit particularly 
vivid interference colors. 
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COMPOSITION OF FATTY ACID FILMS ON WATER 
CONTAINING CALCIUM OR BARIUM SALTS 


With Vincent T. SCHAEFER as co-author 


Journal of the American Chemical Society 
Vol. LVIII, No. 2, 284, February (1936). 


Dr. KATHARINE BLopGETT! has shown that successive layers of fatty acids and 
fatty acid soaps can be transferred to glass or metal surfaces by raising and 
lowering these surfaces through the surface of water on which monomolecular 
fatty acid films have been spread. The ease in which such multimolecular 
films may be built up and the properties of the resulting films depend greatly 
on the pH of the water, the temperature, and particularly upon the presence 
of salts of divalent metals. 

Very low concentrations of calcium and barium salts in alkaline water are 
sufficient to make the stearic acid films on the water solid. Dr. Blodgett has 
shown that the films skimmed off alkaline water containing calcium and barium 
leave a white solid residue when heated above 100°, whereas the stearic acid 
films skimmed off water containing no metallic salts melt at about 70°. 

It is thus evident that the monomolecular films of fatty acids on water 
containing salts of alkaline earth metals contain these metals as constituents 
and that the multimolecular films transferred to solids are, under these con- 
ditions, essentially metallic soaps. 

We have undertaken to determine the chemical composition of the films 
that may be skimmed off water containing barium or calcium salts for differ- 
ent values of pH. 


Experimental 

A large brass tray 50 x 80 cm and 2 cm deep was lined with glass on the bottom and 
sides; this was done by coating the tray with molten hard paraffin which was used as a cement 
to hold the glass in place. When the brass tray was merely lined with paraffin, the film that 
was skimmed off always contained perceptible traces of copper, as was shown by its leaving 
a colored ash. It is usually customary to fill such a tray to the brim with water and use metal 
strips coated with paraffin as barriers to confine surface films. With such barriers to skim off the 
film, it is found that the film crumples and extends over the edge of the tray, and thus some 
of it is lost. It is found much better to fill the tray only within 5 mm of its rim and to use 
plate-glass barriers with their plane vertical. Across the tray near one end was a vertical barrier 


1 Blodgett, 7. Am. Chem. Soc. 57, 1007 (1935). 
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of glass having a gap of about 15 cm in the center, in which a surface-force balance was mounted. 
The floating barrier of this balance was attached at its ends to the rigid barrier by light paraffined 
silk threads floating on the water which prevented the escape of the monomolecular film around 
the ends of the movable barrier. 

A sufficient number of drops of a dilute solution of stearic acid in benzene were placed 
on the water in the tray to cover nearly the whole surface with a monomolecular film. A movable 
glass barrier was then advanced until the spreading force amounted to 3.0 dynes/cm. The area 
occupied by the film was then measured. A movable glass barrier which is called a skim-bar, 
having its lower edge ground to an acute angle, was lowered into the water within a few mili- 
meters of the glass barrier at the end of the tray which contained the surface balance. The 
skim-bar was then moved in a direction parallel to the length of the tray so as to skim the 
monomolecular film. This film crumpled up and was finally forced into a narrow space about 
1.5 cm wide, with length equal to the width of the tray. A scoop of thin platinum foil was 
then run slowly down the length of this trough, so as to skim off the crumpled film. The 
tray was thus skimmed about ten times and the total skim collected, which weighed 6-8 mg, 
was transferred to a light platinum foil boat which was then dried to constant weight at 100° 
and weighed. A small amount of concentrated sulfuric acid was then added, and the skim 
was heated until all carbonaceous matter had been burnt off. It was assumed that the resi- 
due then consisted of calcium or barium sulfate. Care was taken not to heat this residue to a 
temperature that would cause decomposition of calcium sulfate. The method was checked by 
making some runs with pure calcium carbonate and stearic acid treated in the same manner with 
sulfuric acid. 

When pure distilled water was used, it was found that the skim left no measurable ash. 
The total amount of stearic acid in the skim was only a few per cent less than the amount 
that had been placed on the tray. 

In studying the films on water containing calcium solutions, the tray was filled with doubly 
distilled water to which a calcium bicarbonate solution was added in amount sufficient to 
give a concentration 10~* molar with respect to calcium carbonate (10 mg of calcium carbonate 
per liter). The pH value was then adjusted by adding sodium hydroxide, sodium bicarbonate, 
or hydrochloric acid, and the pH was determined on samples of water removed from the 
tray from time to time by LaMotte indicators. 

In the studies of films obtained with barium salts in the water, a barium hydroxide solution 
was added until the concentration was 10-‘ molar, in terms of barium carbonate (19.7 mg 
of barium carbonate per liter). The pH was then adjusted by adding either ammonium hydroxide 
or hydrochloric acid. 


Results 


The data are recorded in the table. The total weight in mg of the stearic 
acid which was applied to the water is given in line 5 of the table. Line 6 con- 
tains the area per molecule, when the spreading force is 3 dynes per cm, expressed 
in square Angstroms. It is to be noted that when the solution is alkaline the 
film gives an area per molecule closely agreeing with that found for condensed 
monomolecular films, but as the solution is made more acid, the area 
increases considerably. The barium film on alkaline water showed an area 
about 5% less than that of the calcium films. 

The weight of the dried skim is given in the seventh line and the percentage 
by weight of calcium or barium in this skim is shown in the next line. It is 
assumed that the skim consists of a neutral barium or calcium soap and free 
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stearic acid. From the barium or calcium content the relative numbers of mole- 
cules of soap of free stearic acid were calculated. The total stearic, acid equi- 
valent of the skim was then calculated, and this was compared with the original 
amount of stearic acid which was applied to the water in the tray, as given 
in line 5. The ratio between these two amounts gives the fraction of the original 
stearic acid which was recovered in the skim. These data are shown in line 9. 
It may be seen that roughly about 90% of the stearic acid was recovered. 
It is believed that the loss represents monomolecular film which is crumpled 
up against the glass barriers and that which was lost when the skim-bar was 
pushed below the surface. The films containing calcium crumpled up into 
a white, snow-like skim which was much easier to remove than the less rigid 


barium films. This may account for the smaller recoveries observed with 


barium films, 





Fic. 1. Composition of films: crosses and circles denote experimentally determined 
values, and the curves are calculated by Eq. 1 and Eq. 2. The ordinates represent f, 
the fractional conversion to neutral soap. 


The tenth line gives data on the chemical composition of the skim in terms 
of f, a quantity which we may call the fractional conversion to neutral soap. 
This may be defined as the fraction of stearic acid radicals in the skim which 
may be assumed to be combined with barium or calcium to form neutral soap. 
The value f in line 10 is expressed as a percentage. The theoretical percentage 
of metal in neutral soaps of calcium and barium is given in line 11. 
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The values of f plotted against the pH are given in Fig. 1. As the pH 
increases, f seems to reach a limiting value of about unity, which means that 
on sufficiently alkaline solutions the film is approximately pure neutral soap. 
When the solution becomes acid, the film tends to become pure fatty acid. 
However, the transition is gradual, so that even if pH = 4.5 the film is roughly 
20% neutral soap. It is seen from Fig. 1 that with films containing calcium 
the limiting calcium content is 1.16 times greater than would be expected 
for neutral calcium soap. It is, perhaps, possible that this is due to the adsorp- 
tion of sodium salts upon the under surface of the film, for in these experiments 
with calcium, sodium salts were used to adjust the pH. This source of error 
was not possible in the data for barium, for there ammonium salts were used. 
If we represent the limiting value of f for high values of pH by /,, then it was 
found empirically that if we plot f/(f,—/f) against the pH, the data give approx- 
imately a straight line which corresponds to the following empirical equa- 
tions: 


For Ca soap films 


logielf/(f:—f)] = —2.23 + 0.388 (pH) (1) 
For Ba soap films 
logwlf/(fi—f) = —2.41+0.367 (pH) (2) 


The full lines in Fig. 1 have been calculated by these equations. According to these equations, 
the ratio of the free stearic acid in the film to the combined stearic acid is proportional to the 
0.388th power of the hydrogen-ion concentration for the calcium films while in the case of 
the barium films the exponent is 0.367. Undoubtedly within the experimental error these two 
values must be considered the same.. 


Summary 


A technique is described for skimming off monomolecular films of fatty 
acids upon water and analyzing them. When the water contains calcium or 
barium salts (concentration 10-4 molar with respect to carbonate) the films 
formed by stearic acid are nearly pure neutral soaps when the water is strongly 
alkaline, pH = 11, and are free fatty acid films when pH = 3. Half-conver- 
sion to neutral soap occurs at pH = 5.1 for calcium and pH = 6.6 for barium 
solutions. These metallic constituents of the films have a profound effect 
upon the physical properites. They increase the rigidity of the films and affect 
the ease with which multimolecular films can be formed on metal or glass. 
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BUILT-UP FILMS OF BARIUM STEARATE AND THEIR 
OPTICAL PROPERTIES 


With Katuarine B. BLopGETT as co-author 


Physical Review 
Vol. LI, No. 11, 964, June (1937). 


The technique of depositing successive single layers of molecules of various stearates on 
a solid surface is described. Films containing 3001 layers have been built of barium-copper stea- 
rate. A photograph shows films built in a series of steps having intervals of 2 molecular layers. 
The contrast of the steps is plainly visible when the slide is illuminated by polarized light at 
angles near grazing incidence. By measuring the angles at which films containing known numbers 
of layers reflect minimum intensity of monochromatic light for the first five interference fringes, 
the thickness per layer and refractive index can be calculated with great accuracy. The thickness 
per layer of barium stearate was found to be 24.40A. The presence of traces of foreign substances 
in the water affect the spacing by 1 to 3 percent. The films are uniaxial crystals, the optic axis 
being perpendicular to the surface on which the films are built. The refractive index of the ordin- 
ary ray, m,, and of the extraordinary ray in a direction perpendicular to the axis, m3, are m, 
= 1.491, ny = 1.551. Equations are given which describe the refraction of the extraordinary 
ray, the intensity of the rays reflected from the upper surface and from the film solid boundary, 
the phase change at the boundaries, Brewster’s angle, and other special properties of birefrin- 
gent films. The intensity of the light and dark fringes reflected by films built on a series of glasses 
of known refractive indices is used as a measure of m,. Skeleton films. Barium stearate films 
built at pH < 7.0 are composed of a mixture of stearic acid and neutral stearate. The stearic 
acid can be dissolved by benzene leaving a skeleton of stearate which is birefringent and has 
refractive indices much | ower than those of the normal film. Measurements are given of a ske- 
leton for which n, = 1.30, others for which m, = 1.32, ny = 1.39. Skeletons have been built 
having ”, = 1.25 and 1.22. The skeleton for which n, = 1.30 had 99.2 per cent of the thickness 
of the original film, although only 63.7 per cent of its density. 


A METHOD for depositing many successive single layers of molecules on glass 
or metal has been described in a previous paper. A monolayer of stearic acid 
was spread on the surface of water containing barium salts, or salts of other 
bivalent metals, and was transferred to the solid by a process of dipping, the 
stearic acid film being kept under suitable 2-dimensional pressure. 

Stearic acid spreads on a water surface with the carboxyl group of each 
stearic acid molecule in contact with the water while the hydrocarbon chain 
is nearly vertical.2 The monolayer therefore consists of a sheet having carboxyl 
groups on the under surface and CH; groups on the upper surface, the thickness 
of the sheet being determined by the length of the molecular chain and the 


1 K. B. Blodgett, ¥. Am. Chem. Soc. 57, 1007 (1935). 
7 I. Langmuir, ¥. Am. Chem. Soc. 39, 1848 (1917). 
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tilt of the chain with respect to the surface. In the dipping process the first 
layer attaches itself by its carboxyl groups to a clean solid surface when the 
solid is raised out of the water, causing the surface to be dry when it emerges. 
The second layer attaches, itself as the solid is lowered into the water, the 
third layers as it is raised again, and so on. Thus the dipping process serves 
to fold the monolayer back and forth on itself so that the molecules in successive 
layers are oriented in opposite directions. 

When the water on which the stearic acid spreads contains barium salts, 
the barium combines with the carboxyl groups of the molecules forming 
barium stearate. X-ray diffraction studies* of built-up films of this type have 
confirmed the evidence that the (—COO), Ba groups lie in planes having 
a spacing which is twice the length of the molecular chain. 

Three methods have been used for measuring the spacing of the molecular 
layers. (a) An optical method based upon the interference of light from the 
upper and lower surfaces of the film. This was described in the previous paper 
and will be further described in this paper. This method employs films having 
less than 500 layers, and requires a knowledge of the refractive index of the 
film. (b) A second optical method which has been used by Professor A. H. 
Compton and C. Holley to measure films built by Dr. Blodgett. A film containing 
a known number of layers, in the range 1000 to 3000 layers, was built on an 
optical flat adjacent to a film containing 100 layers, and the difference in thick- 
ness of the two films was measured with an interferometer. The method is 
independent of the refractive index of the film. (c) The metods of X-ray dif- 
fraction spectra. 

Films containing 100 layers may be built of the stearates of Ba, Ca, Mg, 
Pb, Zn and other metals, or of stearic acid. Barium-copper stearate is the 
only substance with which it has been possible to build 1000 layers success- 
fully; films have been built containing 3000 layers of this substances. Success 
in building large numbers of layers depends on properties of the film which 
are determined by the nature and concentration of salts dissolved in the water, 
the temperature of the water and the hydrogen ion concentration as determined 
by pH. Formulae of solutions used in film-building are given in a later section. 
The following properties of films affect the processes of building. 


(1) Initial Layer 
The problem of depositing the initial layer on a clean metal or glass 
surface is distinct from the problem of building successive layers. The first 
problem requires a molecular sheet having an under surface which will 
adhere well to the solid; the second requires a sheet which adheres to 
a similar sheet. 


3 Clark, Sterrett and Leppla, 7. Am. Chem. Soc. 57, 330 (1935); Holley and Bernstein, Phys. 
Rev. 49, 403 (1936). 
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In the case of a glass surface the initial layer is deposited more readily from 
alkaline water, pH 2 8.5 than from acid or neutral water. In the case of metal 
the best initial layers are usually obtained at pH = 6 to 7.5. The glasses of 
high refractive index which we have used take up initial layers at pH = 7.0 
far more readily than ordinary glass (microscope slides). 

In many experiments it is not essential that the initial layer be of the same 
material as succeeding layers, and in these cases the following method has 
proved very useful. The solid surface is coated with molten paraffin wax, 
or preferably with molten ferric stearate, and is rubbed vigorously with a cloth 
until every visible trace of the coating has disappeared. This treatment leaves 
the slide covered with a monomolecular layer of wax to which layers of barium 
stearate will attach themselves in the same way as to an initial layer of stearate. 
Built-up films of barium stearate can also be rubbed down and provide a very 
good foundation on which new films can be built. 

When the experiments require that the initial layer be built in the same 
manner as the rest of the layers, the glass or metal can be cleaned by using 
the metallographic polish Shamva. The surface is scoured with Shamva, rinsed 
and swabbed under running water, and plunged wet into the water bath 
used for film building. Glass can also be cleaned with a hot concentrated solu- 
tion of K,Cr,O, and H,SO,, but the acid is apt to attack glass of high refrac- 
tive index, and affects the surface of certain kinds of glass microscope slides 
in such a way that a layer will not adhere to the glass. Metal can be cleaned 
by being made cathode in an electrolytic bath of caustic soda, water and alcohol, 
but the treatment usually etches the metal slightly. 

When an initial layer of wax or other substance is used to coat the slide 
this is called a ‘‘1st layer”, meaning that the barium stearate which attaches 
itself to the wax has the molecular orientation characteristic of the 2nd layer 
of barium stearate built on a clean surface. Only layers of odd number exist 
out of water, layers of even number exist under water. The numbers 100, 
200, etc. which are given in the text are round numbers. 


(2) Speed 

After an odd number of layers have been deposited, the surface consists 
of close packed CH, groups and so sheds water. When this slide is dipped 
into water covered by a barium stearate monolayer under pressure the next 
layer is transferred to the slide even if the slide is lowered very rapidly. To 
form the next odd layer by withdrawing the slide it is important not to raise 
the slide faster than the rate at which the water peels back from the slide. 
This peeling back is not caused by gravity but by a strong adhesion (between 
the hydrophilic sides of the two outer layers) which acts along the line of contact 
and so drives out the water film. When the slide is slowly withdrawn a large 
contact angle is observed between the water surface and the slide. The rate 
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at which films can be built is thus limited by the rate at which the ascending 
slide sheds water, and the term ‘‘speed” refers to this limiting rate, not to 
the actual rate of building. A ‘‘fast film” is one which can be built in successive 
layers at a rate 20 or more layers per minute. 

Speed is commonly the greatest for the first layers which are deposited, 
and gradually slackens as more layers are added. Films of magnesium stearate 
begin to lose speed after about 50 layers have been deposited and at about 
200 layers the process is virtually brought to a halt; films of barium-copper- 
stearate retain their initial speed up to more than 1000 layers. Loss of speed 
is due to disorder in the molecular orientation of successive layers. Several 
different causes may contribute to produce a disordered arrangement, the 
chief cause being severe mechanical strains to which the films are subjected 
during the building process which many types of film are unable to withstand 
without sutaining injury. Traces of some impurities in the water may also 
greatly affect the speed. 


(3) Mechanical Properties 


A monolayer of a stearate on a water surface may be liquid or solid. Most 
of the factors which determine the state originate in the water on which the 
film lies. Langmuir and Schaefer have shown that when the water contains 
barium carbonate in a concentration 10°¢ molar, and the pH is adjusted by 
adding either ammonium hydroxide or hydrochloric acid, 21 per cent of the 
stearic acid is converted to barium stearate at pH = 5.0, 88 per cent at pH 
= 9.0. For purposes of film building a barium stearate film built with a solu- 
tion 3x 10-5 M barium carbonate at pH 26.5 is slow, and becomes pro- 
gressively slower at 20°C; the initial speed is maintained for a much greater 
number of layers at 15°C than at 20°C. A barium stearate film at pH = 7.0 
is fact. These results show that an increase in rigidity of structure obtained 
by lowering the temperature or increasing the pH results in a more ordered 
arrangement of the CH, groups in the successive layers laid down on the 
solid. 

Barium stearate films are faster at pH = 7.5 than at pH = 7.0, but the 
greater rigidity at pH = 7.5 is not desirable. Very rigid films give unsatisfactory 
results for the following reason. A slide commonly picks up many specks of 
dust or tiny crystals of stearic acid, and the manner in which succeeding layers 
are affected by these specks is very important. The trough used in the present 
experiments was covered by glass as a necessary protection from dust falling 
from the air upon the water surface; extreme precautions to obtain dust-free 
air were not attempted. After a particle of dust has attached itself to a slide, 
a series of layers of a tough viscous film will coat the particle so successfully 
that after four or six layers have been added the particle sheds water as readily 


“ I. Langmuir and V. J. Schaefer, ¥. Am. Chem. Soc. 58, 284 (1936). 
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as does the rest of the slide. This occurs although a particle 0.2 mm in thickness 
has 80,000 times the thickness of a monolayer. A weak film coats the particle 
so unsuccessfully that a small mound of soft barium stearate soon piles up 
on the particle and serves as a center from which disorder in successive layers 
spreads out over the slide, and water recedes more and more slowly from 
that area. Layers of rigid film tend to be broken by a projecting particle so 
that hundreds of minute bits of broken film collect around the particle, and 
although these areas shed water rapidly they spoil the uniformity of the film. 
Observation of the water meniscus, as water is shed by an ascending slide, 
shows that the meniscus travels over dust particles with a ‘‘chattering” motion 
in the case of a rigid film, a lagging motion in the case of a weak film. 

Monolayers can be formed on a water surface which are so rigid that they 
cannot be used to build films. When a slide is raised and lowered through 
a surface of this type the layer of stearate does not attach itself to the slide, 
i.e., the layer ‘‘slips” instead of adhering at the boundary edge where the layer 
meets the slide. In many cases of slipping a few initial layers can be built up, 
then subsequent layers fail to adhere to the slide and the slipping of these 
layers is recognized by a characteristic very noticeable chattering motion 
of the water meniscus. In other cases no initial layers adhere. Films having 
this great rigidity are obtained with barium solutions at pH = 7.0 which 
contain copper salts in a concentration 10-5 M, or aluminium salts in a concentra- 
tion 10*M. 


(4) Fogging 

After a number of layers have been built the film begins to have a fogged 
appearance. This occurs at 50 to 500 layers, depending on the type of stearate 
which is used. Examination under a microscope shows that a myriad of tiny 
specks of approximately uniform size are built into the film. Nearly always 
the number per unit area is uniformly graded from top to bottom of the slide 
(the slide is held in a vertical position during dipping), and is greatest at the 
bottom of the slide. As more layers are deposited the specks increase in size 
and density until they cause the water to recede so slowly that the progress 
of film building is halted. The only substance which thus far has successfully 
prevented fogging is copper, a copper salt being added in a concentration 
2 to 3x10 *M to water containing barium salts. 


(5) Cracking 
A film of barium stearate built at pH = 7.0 and having a large number 
of layers invariably cracks in hundreds of fine lines. The tendency to crack 
increases with increasing thickness, cracking usually commencing at 300-500 
layers. Films built on chromium crack more readily than films built on glass. 
At lower values of pH a greater number of layers can be deposited before 


21 Langmuir Memorial Volume IX 
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the film commences to crack. Usually a cracked film curls upward slightly 
along the edges of the cracks. Water often works its way under a cracked film 
and loosens the film from the slide. Copper dissolved in the water is the only 
substance which has been found which will prevent cracking. 

Good films can be built with the following two solutions: 


Solution (a) 
0.3 x 10-4 M BaCl, (or other soluble barium salt) 
4.0x10-¢M KHCO, 
pH = 7.0 to 7.2. Temp 2 22°C. 


The water used in making the solution should be conductivity water having 
a specific resistance of 700,000 to 1,000,000 ohms-cm. If a brass or aluminum 
trough is used it should be lined with paraffin wax, and the floor of the trough 
should be covered with glass. Many solutions dissolve sufficient copper from 
a brass trough to affect the experimental results to a marked degree when 
the brass is coated with paraffin but is not covered with glass. 

Films built with solution (a) are fast, reliable, and easily built. The solution 
is recommended for building films having less than 200 layers. A larger number 
of layers will become fogged or cracked, even 100 layers sometimes crack. 

Solution (b) 
0.3 x 10°4M BaCl, 
2.0 x 10-* M KHCO, 
0.02 10-4 M CuCl, (or other soluble copper salt) 
pH = 6.8, temp < 22°C (temp < 20°C preferred). 


The stearate should be left on the water surface for 5 min before it is used 
for building, to allow time for copper to diffuse to the surface. Films built 
with solution (b) do not fog or crack at 1000 layers and can be built with fair 
success to 3000 layers. At thicknesses of 500 or more layers they have a faint 
green color, showing that the film contains copper stearate. 

The problem of holding the copper concentration constant will be apparent 
from the following considerations. The trough used in the experiments 
contained 5000 cc. of water and the area of water covered by a surface film 
was 3300 cm*. Therefore the number of copper ions in the water, in a con- 
centration 2x 10°* M was 7.36 times the number of pairs of stearate molecules 
on the surface, the molecules having an area per molecule 20x 10- cm’. 
The built-up films were not analyzed for copper content, but the results of 
analyses of similar films make it appear probable that not more than 25-50 
per cent of the stearic acid placed on the water surface was converted to copper 
stearate. Therefore each time a film was spread the concentration of copper 
ions in the water was reduced by 3 to 6 per cent of the initial concentration. 

In some experiments copper was introduced by covering the bottom of 
the trough with a clean sheet of copper. Under these conditions the rate at 
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which copper was removed from the bath by surface films when nev 

were spread every 20 minutes was balanced fairly satisfactorily by the 

at which copper went into solution. Whenever the sheet was left in the tro 
for more than about 10 hrs and no copper was removed, the resulting concent: . 
tion of copper was much too high. It was pointed out in Section (2) that a con- 
centration of copper 10-* M causes films to slip completely; they frequently 
slip at 5 x10°°M. 

Good results were obtained for 1000-layer films by scattering 100 small 
lumps of copper sulfide in the bottom of the trough. The copper sulfide con- 
tained 70.3 per cent of copper. This method gave a concentration of copper 
which was never too high, even after standing in a solution for two weeks. 
The concentration was a little lower than was needed to build 3000 layers. 

The amount of copper in water can be roughly estimated if one spreads 
a surface film on the water, then shoves all the film to one end of the trough, 
where it can be easily skimmed off the surface and dried on a porcelain slab 
in an oven at 95°-100°C. The green color of the film can be compared with 
the color of films skimmed from baths containing known concentrations of 
a copper salt. The film should be left on the water for at least 5 min before 
it is skimmed. The method readily shows the presence of 10°* M copper and 
can show less than this amount. 


Optical Properties of Films 


Built-up films of barium stearate are uniaxial crystals. The optic axis of 
the film is perpendicular to the surface on which the film is built. The bire- 
fringence is readily demonstrated by placing a 1000-layer film, built on glass, 
between crossed Nicol prisms or crossed Polaroid screens, the film being 
placed at azimuthal angle 45°. The film restores the light when the angle of 
incidence i of the light on the film is large; at = 0 it restores no light. The 
intensity of the restored light increases with increasing angle i. 

Dr. L. Navias has investigated for us the birefringence of a 1000-layer 
film of barium stearate, employing a J red gypsum plate in the usual way 
and found that the film behaves as a positive uniaxial crystal. 


Refractive Index 


The previous paper described a method of determining the refractive index 
n of the films’ by measuring Brewster’s angle i, for monochromatic light 
reflected from films of Ba stearate, Ca stearate, and stearic acid. Values of n 
were given which were derived from the relationship 


n = tan ip. (1) 


* The symbol » for refractive index is used in the present paper in place of y in the pre- 
vious paper. 
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For barium stearate films the refractive index was found to be n = 1.462. 
This method was employed before the experiments were made which showed 
that the films were birefringent and that the ray used to measure 1, was the 
extraordinary ray for which Eq. (1) is not applicable. The film thickness 
measurements of the previous paper were made by optical methods which 
employed the ordinary ray. These should be corrected by using the proper 
refractive index for the ordinary ray. 

In any uniaxial crystal two of the three principal refractive indices, m,, 
n, and n, are equal, so we may put n, = n,. Since the film is a positive uniaxial 
crystal, n, must be greater than n,. For rays parallel to the optic axis the crystal 
behaves as an isotropic medium of refractive index n,. 

Since the barium stearate film lies in a plane perpendicular to the optic 
axis, the plane of incidence of oblique rays is parallel to the optic axis. The 
plane of the electric vector of the ordinary ray R, is perpendicular to the plane 
of incidence while that of the extraordinary ray R, is parallel to the axis. For 
ordinary rays at any angle the film behaves as an isotropic body having the 
refractive index m,, but for extraordinary rays the refractive index, n, varies 
with the angle of refraction r, according to the equation 


1/n® = cos? r/(n,)* +-sin® r/(n,)*. (2) 


According to the Fresnel theory, the amplitude of the light reflected at 
normal incidence from an interface between two isotropic media of refractive 
indices n, and n, is given by 

@ = (1.—1,)/(ta +m), (3) 
the amplitude of the incident light being unity. If 9 is negative; i.e, when 
n, >n,, the phase of the light waves is reversed by reflection, but it is not 
reversed if @ is positive. 

Let us consider the interference of light reflected from the top and bottom 
surfaces of a film (on glass) consisting of N monolayers each of which has 
a thickness ¢. Let A be the wave-length of the light, r the angle of refraction 
corresponding to the wave normal of the light (direction of ray in case of 
ordinary ray) and n be the refractive index for these waves. Interference occurs 
‘as a result of a phase difference between the ray which is reflected from the 
upper surface, and the ray which travels from the upper to the lower surface 
and is reflected at the lower surface and travels back to the upper surface. 
The condition that the two rays shall differ in phase by an integral multiple 
of 180° is given by 

nNt cosr = mi/4 (4) 
where m is an integer. 

Since the refractive index of the film is greater than that of air the light 
reflected from the upper surface of the film always suffers a phase reversal. 
If the light reflected from the interface between the film and the glass also 
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undergoes a phase reversal, the interference fringes produced by the film 
have minimum intensity for odd values of m, maximum intensity for even 
values of m. If, however, the light reflected from the lower surface is not 
reversed in phase the intensity minima correspond to even values of m.® 

If films are built on glass in a series of steps having thicknesses equal to 
mi/4n, where m represents successive integers, they will give at normal in- 
cidence a series of interference frings of maximum contrast. These may be 
classified as belonging to series A or B defined by Table I. 


Tape I 


Sequence of Interference Fringes. Step Films of Thicknesses = mi/4n; 4 = 58934 





m= | 1 2: 3 


H 4 
N= “A 81 121 | 161 layers 
Series A dark bright | dark bright 
(> im) | ! 
Series B ' bright dark bright dark 


(ny<m) | | 

Series A occurs when there is a phase reversal in the reflection of light 
at the interface, while for series B there is no reversal. For light at normal 
incidence this means that if the fringes correspond to series A the refractive 
index of the film must be less than that of the glass. 

Let B be the value of 0 as given for example by Eq. (3), for the light reflected 
from the upper surface of the film, and let C be the value of @ for the reflection 
from the interface. Let us now consider films forming steps whose thicknesses 
have been chosen by Eq. (4) to give a series of fringes of maximum contrast. 
The theory of interference, allowing for multiple reflections within the film, 
then gives for the amplitude 0, of the total light reflected from the film 


Ou = (B4C)/(14 BC). (5) 

The two extreme values of 9,, are thus found by taking the + and the — signs 
in Eq. (5). 

If we calculate the values of B and C by Eq. (3) and introduce them into 

Eq. (5), taking the positive sign in the numerator and denominator, ‘we find 


04 = (to—1,)/ (M20 +0) (6) 
where m, and n, refer to the glass and to air. With the negative sign we get 
o> (19, —n})/(non, +nj). (7) 


The contrast between the steps of maximum and minimum brightness 
may be conveniently measured in terms of a quantity K, defined by 


_ K = (0% —¢*)/(e%. +62). (8) 
*.R. W. Wood, Physical Optics, second edition, p. 155. 
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The ratio of the intensities J, and J_ of the light from the successive steps 
is thus 
T,/I_ = (1+K)/(1—K). ‘ (9) 
Let us put 

n, =n, —An. (10) 
Then if An is so small that we can neglect terms of higher order than the first 

we find by combining Eqs. (6), (7) ,(8) and (10) that 
K = 4n,An/(n3—n). (11) 

The refractive index n, of the film was determined by the relative intensities 
of the interference fringes produced on glasses having nearly the same refractive 
index as the film. All observations were made with the light from a 6000- 
lumen sodium vapor lamp (A = 5893A). Preliminary experiments had shown 
that 162 layers of barium stearate had a thickness equal to A/n. Therefore 
a series of steps having 41, 81, 121 and 161 layers were built on three types 
of glass. Glass (1) (fused quartz) had a refractive index’ 1.459 and glass (2) 
and glass (3), according to the manufacturer (Jena Glassworks, Schott and 
Gen. Jena), had indices of 1.4937 and 1.7854. To prevent reflection from the 
back of the glass the back was coated with black paint. 

The films built on glass (2) when viewed by light at normal incidence were 
found to belong to series A, the contrast between the bright and dark fringes 
being 1.5 to 2 per cent. The films built on glass (1) belonged to series B and 
at normal incidence much more contrast was seen than with glass (2). The 
refractive index n, of the film is therefore slightly lower than that of glass 
(2). Taking K = 0.0090 corresponding to 1.8 per cent contrast, we then find 
from Eq. (11) that An = 0.0028 and the refractive index of the film for rays 
at normal incidence is thus 

n, = 1.491. (12) 

For the films on glass (1) we should then have An = —0.032 and by Eq. 
(11) K = —0.113. The ratio of intensities of the bright and dark fringes should 
thus be 1.26 in agreement with a rough estimate of intensity. 

Experiments with barium stearate films on glasses (1) and (2) using the 
ordinary ray at all angles of incidence gave fringes that indicated that n was 
constant and equal to m, in agreement with theory. Thus with glass (2) the 
faint fringes at all angles 7 belonged to series A while with glass (1) the fringes 
were of much greater contrast and belonged to series B. 

With the extraordinary ray, however, very different results were obtained 
as shown in Table II. 

The intensity of the light reflected from the upper surface of the film passes 
through zero and reverses in phase when # increases through Brewster’s angle 
55°20’. The sequence of fringes should thus change from the A to -B series 


7 International Critical Tables, Vol. 6, p. 342. 
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Tasie II 


Effect of Underlying Glass on Interference Fringes Seen with the Extraordinary Ray 
R, at Various Angles of Incidence i. Measured for Films of Barium Stearate 
Built by Using Solution (a) 





























(1) (2) (3) Contrast of bright and 
P Series seen ies seen Series seen dark fringes (1), 
: on glass (1) on (2) on glass (3) (2) and (3) refer to 
| my = 1.459 Ng = 1.4937 Mg = 1.7854 the 3 glasses 
0 B | A A ’ (1) Moderately strong 
| Contrast 
| (2) Barely visible con- 
\ trast 
i | (3) Strong contrast 
45°43 | B A | A | (1) Less than at i= 0 
| i (2) Greater» »» » » 
(1) and (2) about equal 
53° 20° B B A | (1) Barely visible 
55° 20°41 =— =" 7 : = | Brewster’s Angle ob- 
i observed best with 
' ; (3). No fringes with 
om =| any 
56° 50’ B B | B (1) Just begin to be 
| visible 
| B | B 7 B (2) Greater than (1) 














(or vice versa) as i increases through Brewster’s angle. The observations with 
glasses (2) and (3) are in accord with this theory. With glass (1), however 
series B was obtained both at high and low angles. This must mean that at 
some angle of incidence between the limits of 53°20’ and 56°50’ the reflection 
from the interface between the film and glass (1) falls to zero and reverses 
in phase. ; 

Analogy with the behavior of isotropic substances suggests that the disap- 
pearance of reflection from the interface on glass (1) should occur at an angle 
at which the refractive index falls below 1.459. When this value of is com- 
pared with the value 2, = 1.491 it would indicate that the film is a crystal 
of negative character (a crystal is negative when n < n,) whereas the direct 
optical tests have shown that it is positive. In a later section we shall show 
that these data are not inconsistent with values of m and n, which are greater 
than n,. 

Brewster’s angle ¢, was measured by a method which was described in 
a previous paper!, p. 1016. The films used for the measurements were built 
on glass (3) in steps which had maximum contrast at the angle 1,. These 
steps were 47, 95, 143 layers for films of barium stearate. At angles : <i, 
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these steps form an A series for both R, and R,, at angles i >i, they form 
a B series for R, (Table II) and an A series for R,. The angle 7, at which 
the contrast between two neighboring steps reverses in intensity when the 
steps reflect the ray R, of monolchromatic light can be very accurately measured. 
It is essential that the Nicol prism which is used to furnish R, should be turned 
so as to extinguish R, completely, for if only a very small component of R, 
be transmitted the angle at which the contrast reverses is greater than Brew- 
ster’s angle. Under these conditions the contrast does not reverse until i in- 
creases to a value at which the. B contrast supplied by R, becomes greater 
than the A contrast supplied by the small component of R,. The correct setting 
of the Nicol prism is found by determining the minimum angle at which the 
contrast reverses, this angle being #,. The values 1, = 55°35’ and 55°40’ 
given in the previous paper were determined before the need for extinguishing 
R, was fully appreciated. Recent measurements have given tht result i, = 
55°20’+1’. 


Measurements of the Spacing ¢ of Molecular Layers on Chromium 


By determining the values of N which correspond to the interference minima 
in light reflected from the film, it should be possible by Eq. (4) to calculate 
nt/A and then from the known values of and 4 to obtain ¢. 

Eq. (4), however, is based on the simple Fresnel theory according to which 
the reflection from a surface produces a phase change of 0° or 180°. The ob- 
served slight elliptic polarization of light reflected from transparent media 
and the much stronger elliptic polarization from metals shows that in general 
the phase change is not exactly 0° or 180°. This effect can be taken into ac- 
count by making the following modification of Eq. (4), 


N(n/n,) cosr—N, = mA/4n,t, (13) 


where N, in general varies with r and is different for the ordinary and the 
extraordinary ray but otherwise does not depend upon m. 
It will be convenient to represent the first term of this equation by a special 
symbol which may be defined by 
Ny = N(n/n) cosr. (14) 
This is the value that N would have for normal incidence (cosr = 1 and 
n = n,) on the assumption that N, does not change with 7. If it is found that 
N, does vary with i no error, however, will be introduced into our calculations; 
it merely changes our interpretation of the physical meaning of N,. Eq. (13) 
thus becomes 
Ny—No = mi/4nt. (15) 


The uncertainties in the value of N, may be eliminated by determining NV 
for the successive minima which correspond to a series of odd or of even values 
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of m. If the measurements of the successive minima are made at approximately 
the same angles of incidence the values of N, are the same for the various 
minima and thus by Eq. (15) the increment in N, in passing from any minimum 
to the next should be 

AN, = 4/2n,t. (16) 

Since the thickness which a film must have in order to reflect minimum 
intensity of light depends on the angle 1, values of N corresponding to various 
values of i were determined by the following method. 

A slide was prepared with an initial series of several steps, a, b, c, ..., 
having 1,3, 5 ... layers or any other chosen sequence; the process of building 
films requires that the films contain an odd number of layers. With such thin 
films no interference colors are seen. Additional layers were then applied 

“to the whole of the slide covered by the initial layer until colors began to appear. 

Let N,, N,, etc. represent the number of layers on the a, b, c steps at any 
stage of this process. When the number of layers is sufficiently increased, 
if the film is viewed by an ordinary ray using light from a sodium lamp a mini- 
mum appears at one of the steps at small angles of incidence. Further increases 
in layers permit this minimum to be observed at larger angles. On chromium 
the minima become sufficiently sharp for useful measurements only when 
i is greater than 68° while on glass of high refractive index much smaller angles 
can be used. : 

The angle of incidence is measured at which two adjacent steps, say a and 
b, are equally bright. The value of N which corresponds to the minimum is 
then halfway between N, and N,. The first line in Table III gives data for 
the first minimum obtained with films on chromium using the ordinary ray- 
The minimum is given as occurring at N = 48 when i = 79°7’. This mear.s 
that two adjacent steps N = 47 and 49 were found to match in intensity when 
viewed at that angle. 

Additional layers were then applied until a minimum corresponding to 
m = 2 was observed with the extraodinary ray at a suitable angle of incidence. 
The data for this ray are given in the first three columns of Table IV. In this 
way by building N up to 518 all the minima up to m = 10 were studied. Only 
one pair of steps, a and b, were used for every determination of N given in 
Tables III and IV. By this procedure all the data in these tables referred to 
films built up from the same film chromium boundary. It was found useful 
to have steps c, d, e, on the same slide having 2, 4, 6 more layers than b, because 
as progressive layers were applied to the entire slide the approaching minimum 
appeared first at the higher steps, and its position showed the precise number 
of layers which must then be added to the slide in order that the minimum 
should occur between a and b. 

The procedure for measuring ¢ consisted in mounting the slide on a spectro- 
meter table with the film boundary between a and 5 situated in the axis of 
the table. The process of matching two steps was similar to the photometric 
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Taste III 
Intensity Minima with Ordinary Ray, R, of Wave-length 4 = 5893 A at Various 
Angles of Incidence 1. Film of Barium Stearate pH = 7.0; AN, = 81.00; 
Ny = —4.30; m, = 1.491 






































m | oN i | cos r | Ny obs. Ny calc. 
1 | 48 m7 | 07525, 36.13 36.20 
3: 150 | 68°48 =| 0.7804 117.06) «117.21 
152 71 35 | (O74 117.25 
154 74 59 | 0.7618 =} —s«117.32 
156 79 12 { 0.7523 «| ~—«117.36 
5 254 | 68° 50’ | 0.7803 —SS*S*«W1:98,20 198.21 
258 72 50 0.7676 =| ~—«:198.04 
262 77 29 1 0.7559 198.05 
266 84 17 > (0.7448 198.12 
a; 356 67° 42’ 0.784200 | 27918 279.21 
362 71 39 0.7712 | «927917 | 
368 76 8 | 0.7589 279.28 
374 82 37 0.7467 279.27 
9 | 40 | 67sy | 0.7831 | 360.23 | 360.22 
468 1 59 0.7702 360.45 
476 770 | 0.7569 360.28 
| 484 84 32 | 0.7444 360.29 
Taste IV 


Intensity Minima with Extraordinary Ray, R, of Wave-length 4 = 5893 A at 
Various Angles of Incidence i. Same Film as Table III. ANy = 81.00; Ny = —7.01 
(at ¢ = 80°); m, = 1.491; ng = 1.551 





























m | N | i | Ny obs. Ny calc. 
| 96 | 82° 54’ 73.78 73.90 

200 78° 12’ 155.14 1 155.04 

202 83 49 155.05 154.90 

6 | 304 77° 58° 235.94 : 236.05 
306 81 11 | 235.85 235.95 

8 408 | TP 28° 317.06 317.07 
| 410 | 79 41 316.96 317.00 

| 412 | 82 23 316.89 316.93 

10 | ‘512 I TP 8 398.22 398.08 
| 514 ' 78 56 398.02 | 398.02 

i 516 80 St | 397.96 397.96 

518 | 83 16 ; 397.89 | 397.88 
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matching of two fields of illumination. At angles greater than 7, a was brighter 
than 5, at angles less than 7 the contrast was reversed. There was no difficulty 
in measuring i with an accuracy which determined the thicknesses corresponding 
to successive light minima with a probable error of 0.1 molecular layer. With 
the ordinary ray satisfactory measurements could be made between 68 and 
85°, but with the extraordinary ray because of the lower intensity and contrast 
the range was only from 77° to 85°. 

Experiments were also carried out with films built on glass of very high 
refractive index, m, = 1.78. Steps built on this glass showed great contrast 
when viewed by perpendicular light, the contrast diminishing with increasing 
2, The intensity of successive maxima and minima varied with the film thick- 
ness in accordance with a cosine curve. 

In the case of films built on chromium the intensity distribution curve 
had very sharp minima, when the films were viewed at i = 75° —85°, due 
to multiple reflections of light in the film. Fig. 1 is a photograph of a chromium 
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(a) i= 82°. (b) i= 75°. 
Fic. 1. Interference fringe seen with 15 steps having 35, 37,...63 
layers of barium stearate built on polished chromium. Photographed 
with R, ray of light 4 = 5893A. 


slide 1 x3 inches in size, on which 15 steps were built having 36, 37, 39, ... 
63 layers. The photograph was made by Mr. V. J. Schaefer using the ordinary 
ray R, of sodium light. The upper photograph shows the appearance of the 
steps at an angle i = 82°. The intensity minimum which lay at N = 49 was 
sharply differentiated from the neighboring steps N =- 47 and 51. The rest 
of the steps were all bright and had too little contrast to be visible in the photo- 
graph, most of them were not visible to the eye. In the lower photograph 
the same slide is shown illuminated at an angle i = 75°. The minimum then 
lay between N = 47 and N = 49 and was not so sharply defined. At 7 = 80° 
there were 108 layers between successive minima, so that the series seen in 
the photograph would need to be extended for 54 steps before it would reach 
the next minimum. Therefore even in the lower photograph the minimum lay 
in a fairly narrow region, since the drop in intensity occurred in about 8 steps 
on either side of the minimum. 
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The data of Tables III and IV were obtained with barium stearate films 
on a slide of highly polished chromium plated brass which had previously been 
ground to a plane surface. The chromium was cleaned by being made cathode 
in an electrolytic bath of NaOH, water and alcohol. The initial steps transferred 
to the plate had a 2-layer step rise similar to the steps of Fig. 1. 

The stearic acid films were spread upon doubly distilled water of specific 
resistance greater than 10° ohms-cm, the secgnd distillation having been made 
in Pyrex glass. Barium bicarbonate was added to this water in a concentration 
5 x10-5 M. The barium bicarbonate was prepared in more concentrated 
solution by dissolving 0.3 g BaCO, in 1000 cc. of water saturated with CO, 
at a pressure of 1 atmosphere. After a suitable amount of the barium bicarbonate 
solution was added to the water bath, air was bubbled through the bath to 
remove excess CO, and bring the pH to the value 6.7 which corresponded 
to equilibrium with the CO, contained in ordinary air. Measurements of pH 
were made by using La Motte standard indicators. The data of Tables III 
and IV were taken prior to the use of the solutions (a) and (b) recommended 
in this paper. The barium bicarbonate solution gave the same type of film 
as solution (a) but was more troublesome to prepare. The stearic acid which 
was used in all the measurements described in this paper was prepared by 
Dr. R. E. Burnett. Tests showed that this stearic acid had a very high degree 
of purity. The test for purity was described in a previous paper, p. 1010. 


Measurements with Ordinary Ray R, 

In Table III the values of cosr in column 4 were calculated from 1 by 

means of the equation 

sini = nsinr, (17) 
placing » = n, = 1.491, as given by Eq. (12). The value of Ny in the Sth 
column is the product N cos r in accord with Eq. (14). 

It is seen that for any value of m, N, is constant. This proves by Eq. (13) 
that within the range from ¢ = 67 to 85° (or r from 38 to 42°) there is no ap- 
preciable variation in Ny. The values of Ny are found to vary linearly with m, 
as they should by Eq. (13) and are accurately represented by the equation 

For R,: Ny = 40.502m—4.30. (18) 

The values of Ny in the last column of Table III have been calculated by 
this equation. A comparison of the observed values with the calculated (columns 
5 and 6) shows that the probable error of the individual values of N, is about 
+0.07 layer. A comparison of Eqs. (18) and (13) gives 


For R, at r = 40°; N, = —4.30. (19) 
By Eqs. (12), (13), (16) and (18) we find taking 2 = 5893A. 
AN, = 81.00 and t = 4/2n, AN, = 24.40A. (20) 
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Measurements with Extraordinary Ray R, 

For R,, is a function of r according to Eq. (2). Since r is not directly 
observed it is convenient to eliminate r from this equation by using Eq. (17) 
and so obtain ’ 

(n/n,)* = 14+(1/nt—1/nd) sints, (21) 

Similarly r can be eliminated from Eq.'(14) and then x can be eliminated 
by Eq. (21), so that 

Ni, = N*(1—sin?i/n}). (22) 

To calculate N, from the data in columns 2 and 3 of Table IV we need 
to know n,. To determine n, we make use of the fact that AN, according 
to Eq. (16) must be the same whether R, or R, is used. Let AN, and AN, 
represent the increments in N between successive minima (Am = 2) which 
correspond to a particular value ¢ (say ¢,) for R, and R,, respectively. By in- 
terpolation in Tables III and IV for each value of m we obtain the value 
of N that corresponds to i, = 80° and by finding the successive intervals 
for Am = 2 we obtain: 

at iy = 80° AN, = 107.89+0.05; 
AN, = 104.85 +0.05. 
From Eq. (22) we obtain 


(ANy)* = (AN,)*[1— (sin?éy)/nt] = (AN,)*[1—(sin?éy)/n5]. (23) 
Introducing the values of AN,, AN, and i, = 80 we find 


nt = n3/(1.0589—0.06073n}). (24) 
If we take m, = 1.491 as in Table III we thus obtain 
ng = 1.551+0.002. (25) 


The values of N, obtained by Eq. (22) are given in column 4 of Table IV. 
There is a slight decrease in Ny as i increases. The values of N, (calc.) in 
the last column were calculated by the empirical equation 


For R,: Ny = 40.50m—7.01—0.03(i°—80), (26) 


where 7° is ¢ expressed in degrees. The differences between the observed and 
calculated values of N, correspond to a probable error of +0.06 layer. The 
coefficient of m agrees with that of Eq. (18) because 7; was chosen to make 
it do so. The other terms indicate that 


For R, at i= 80°: Nj = —7.01 layers. (27) 


The difference between No given by Eqs. (19) and (27) is associated with 
the marked elliptic polarization of the light reflected from films on chromium. 
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Birefringence Measured with Optical Compensator 


The birefringence of films of barium stearate having a total thickness of 
5752 layers built on glass (made by placing two slides face to face, coated with 
2751 and 3001 layers) was studied with the aid of a quartz wedge compen- 
sator. The relative phase retardation of the two rays transmitted by the film 
was found to be 180° at ¢ = 56° for sodium light. 

The retardation in path of the extraordinary ray R, with respect to the 
ordinary ray R, was 


Al = 5752t[(n/cos r,—n,/cos r,) + (tan r,—tan r,) sint] = 2947A. (28) 


The terms in the first pair of brackes give the difference in optical path of 
the two rays in the film, and the terms in the second brackets the path difference 
in air after the rays leave the film. Values of m were calculated by means of 
Eq. (21) using n, = 1.491 from Eq. (12) and a series of values of ns. Then 
r, and cosr, were calculated from m, and and the value ¢ = 56° by Eq. (17), 
and ¢ = 24.40A was substituted from Eq. (20). It was found that if ny was 
assumed to be greater than m, in accordance with the results given in the pre- 
ceding section, the value which satisfied Eq. (28) was ms = 1.5514. This is 
in close agreement with the value obtained in Eq. (25). 


Optical Properties of Chromium 


Chromium has advantages as a surface on which to build films not only 
because it is non-tarnishable but also particularly because it has a low reflectivity 
and so gives strong interference fringes. We see by Eq. (5) that a perfectly re- 
flecting metal (C = 1) would give no fringes. With silver the fringes are very 
faint except at nearly grazing incidence. 

The reflection coefficients 9, and g, for the rays R, and R, and the correspond- 
ing phase changes 6, and 6, can be calculated by the electromagnetic theory 
from the index of refraction m,, and the index of absorption k of the metal. 

The dashed line curves given in Fig. 2 for bare chromium have been cal- 
culated using® 


Ny, = 3.59; k=1.26 for A= 5893A 


by the complicated equations given in convenient form by W. Kénig.° 

The full line curves have been calculated for the interface between chro- 
mium and an isotropic medium of refractive index n, = 1.491 and therefore 
should give accurate values of C, and approximate values of C, for the interface 
between the chromium and the barium stearate films. These calculations 
gave the quantities 6, and 6, in terms of the angle of refraction r, but the data 


® International Critical Tables, Vol. 5 (1929), p. 249. The equations for calculating 0,,@) and 


A are also given. 
° W. Kénig, Handbuch der Physik, Vol. 20 (Julius Springer, 1928), p. 242. 
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given in Fig. 2 have been expressed in terms of i, the angle of incidence in 
the air above the film. Thus with 1 = 90°, r = 42° and the large changes 
in g, and 6, observed with bare chromium do not occur when the chromium 
is covered by the film. 
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Fic. 2. Optical properties of bare chromium (dashed lines) and of the interface 

between chromium and a stearate film (solid lines). g, and gp are the amplitudes 

reflected from bare chromium for the R, and Ry rays; C, and C, are the amplitudes 

reflected from the chromium stearate interface. 6, and 6, are the phase retardations 
in degrees (beyond the normal 180° phase shift). 


The phase changes 6, and 4, are related to the quantities N, which we have 
found in our studies of films. Some part of Ny may have its origin in a phase 
change at the upper surface of the film, but the extreme smallness of the elliptic 
polarization produced by reflection from transparent bodies would indicate 
that the larger part of N, should be due to the interface between the film and 
the metal. The addition of AN, or AN, layers, as given by Eq. (23) causes 
a phase retardation of 360° in the ray that traverses the film (down and back). 
Thus by proportion we find that 


For R,: No = (6,/360°)AN,/cosr; 


For R,: N= (6,/360°)!(AHN,)?/(1—3sin*i/n3). 3) 


The values of N, have been calculated by these equations from the corresponding 
values of 6, and 6, in Fig. 2, using AN, as given in Eq. (20). The results 
are shown in the two curves (Np), and (N,), in Fig. 3. 

It is seen that (No), is independent of ¢ in agreement with the constancy 
of the calculated values of Nn in Table III for each value of m. The absolute 
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value of (Ng), is —5.28 which differs by one unit from the value —4.30 given 
in Eq. (18) 

With the R, ray, —(Np), increases with i and at 1 = 80° the rate of increase 
is 0.041 per degree, in reasonable agreement with the value 0.03 given by 
Eq. (26) as found from the variation of N, with ¢ in Table IV. The absolute 
value of (No), at 80° in Fig. 3 is —9.10 which differs by 2 units from —7.01 
given by Eq. (27). 

In view of the fact that the values of n,, and k given for chromium in the 
1.C.T. are based on measurements of 1910, prior to the time that chromium 
plated surfaces were available, we should probably not expect better agreement. 
Perhaps the neglect of the anisotropic nature of the film for the R, ray in 
the calculation of 6, may account for the greater discrepancy in (Np),. 





Fic. 3. Intensities of the interference fringes for barium stearate films on chromium 

and the value of Ng. (g,)* and (gp)* refer to the R, and R, rays. The values of (g) 

Max. and (9) Min. are the values gives given by Eq. (5) by taking the + and — 
signs. Note the different ordinate scales for (9)* and Ng. 


The method that we have used to determine N, from molecular layers 
on metal makes it possible to find 6, and 6, separately, whereas the measure- 
ment of the ellipticity of the reflected light gives only A, the difference between 
6, and 6,. ; 

Films built on chromium in 2-layer steps show little contrast when seen 
by the R, ray or the R, ray at i = 45°. If, however, the chromium slide is 
placed between crossed Polaroid screens and the plane of vibration of the 
incident light makes an angle of 45° with the chromium surface, great contrast 
in intensity is seen between the steps. Under these conditions the light reflected 
by the film is in general elliptically polarized, and the phase retardation of 
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the resultant of the two R, rays (reflected from the upper and lower surfaces 
of the film) with respect to the resultant of the two R, rays is a function of 
the thickness of the film. If a quartz wedge compensator is introduced in 
the path of the light between the two Polaroid screens, the wedge being turned 
so that the dark band exhibited by the wedge traverses all the steps in the series, 
the variation of phase retardation with the thickness of the steps is beautifully 
demonstrated. The band of the wedge is seen as a sinusoidal wave having 
its steepest slopes at steps whose thicknesses correspond to intensity minima 
for the ray R, or the ray R,. The complete theory of the factors involved 
in the reflection of light by transparent films deposited on metal has been 
worked out by Hauschild.!° 


The Reflection of Light From the Upper and Lower Surfaces of 
Films on Glass 


The general equations for the reflection of light from an interface between 
any crystal and an isotropic medium (both perfectly transparent) are very 
complicated but are given in convenient form by G. Szivessy" in the Hand- 
buch der Physik. 

For the case of a plane parallel plate of a uniaxial crystal (cut with surfaces 
perpendicular to the optic axis) lying between two isotropic media of refractive 
indices ny and n, the equations take the much simpler form:” 

__ 9 cosi— (n?—nj sin?1)'/s 

ny cosi +(n?—ni sin?i)'’ 
- Mto(n3— Mg sin*#)—nyny cosi : (31) 
No(nj—nj sin*1)'s-+-n,n, cost 





(30) 








__ (Wh =n} sinti)''— (n—nf sintiy"s (32) 
aes (i n2 sin?i)s+ (n2— nf sin? iy > 
— M1Ms(nj—n§ sin*2)"—n} (n§—ng sin* i)" a 





> ~ nyng(nt— ng sini)» nt (3 —n§ sini)’ 


In these equations 7 is the angle of incidence in the medium of refractive 
index mo; , and n, are the refractive indices characteristic of the uniaxial crystal 
and n, is that of the underlying glass. The quantities B and C are the amplitudes 


1° H. Hauschild, Ann. d. Physik 63, 816 (1920). 

1 Szivessy, Handbuch d. Physik, Vol. 20 (1928), pp. 635-726. 

“ To obtain these equations from those given in the Handbuch der Physik many variables 
must be eliminated. Eqs. (189) to (192) on p. 718 give expressions for B, and B, in terms of i, r 
- and ¢ (the angle between the wave normal and the ray). Similar equations for C, and Cy must 
be derived from Eqs. (181) to (184) and are then expressed in terms of ¢, r and 1,, the angle 
of the ray transmitted into the glass. The angle ¢ can be eliminated by Eq. (147) on p. 689- 
Then r and r, can be eliminated by using np sin i = n sin r = my sin r, together with the value 
of given by Eq. (145). 


22 Langmuir Memorial Volume 1X 
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of the electric vectors of the reflected rays from the upper and lower surfaces, 
respectively, taking the amplitude of the light incident upon that surface as 
being unity. 

It is evident from Eq. (5) that the interference fringes vanish if either B 
or C becomes zero. We see from Eqs. (30) and (32) that B, = 0 only when 
n, =m, and C, = 0 only when n, = 2,. There are, however, certain angles 
#, and i, at which B, and C, can vanish. These are given by: 


sin? i, = n3(nj—n})/(nin;—m) (34) 
and sin* i = n3nj(n}—n=)/ng(ninj—n}). (35) 
If n, and n, differ only slightly from ,, we may place 
ng=nitd, and nj =ni+A,. (36) 
Then, neglecting terms involving A*, we obtain (for m) = 1) 
tan ty = n,— A,/2n,(n?—1) (37) 
and sin*i, = ntA,/(2A,— A,). (38) 


Thus Brewster’s angle i, decreases as mg increases above n,, whereas with an 
isotropic substance the change with n is in the opposite direction. We can 
now understand the low value of i, given in Table II. Taking n, = 1.491 and 
ig = 55°20’ we calculate by Eqs. (37) or (34) that ny = 1.552, while Eq. (1) 
gives n = 1.446. The value n, = 1.552 is in agreement with the result given 
in Eq. (25). 

Real values of ¢, occur only when 2, lies within the range for which the 
2nd member of Eq. (38) is between 0 and 1. When n, >, and n, > 1.42, 
n, must be less than m, in order that there shall be any angle i, at which C, 
vanishes. This explains the fact that for films on quartz, Table II, column 3, 
series B was observed at large as well as at small angles. 

If for a film on quartz we take n, = 1.459, nm, = 1.491 and n, = 1.551 from 
Eq. (25) we find by Eq. (35) ig = 50°18’. The data shown in Table II give 
the result that for films built on quarzt i, had a value between 53°20’ and 56°50’. 
A mean of these angles, i, = 55°5’ corresponds to the values #, = 1.491, 
n, = 1.535. The discrepancy of about 4 degrees between the calculated and 
observed values of i, suggests that conditions obtain at the boundary between 
the film and quartz which are not fully described by Eq. (35). 


Intensity of Interference Fringes Produced by Films 
on Chromium and on Glass 
The data for C, and C, in Fig. 2, together with B, and B, given by Eqs. 
(30) and (31) enable us to calculate the intensities g* of the maxima and minima 
of the interference fringes on chromium by Eq. (5). The results of such cal- 
culations using m, = 1.491 and n,= 1.551 are given in Fig. 3. 
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It is seen that at ? = 0 the ratio of the intensities of the maxima and minima 
is 1.68. With the R, ray this contrast steadily increases until at about 82°30’ 
the minima become completely black, while the maxima reflect about 95 per 
cent of the incident light. With the R, ray as 1 increases the contrast decreases 
until it disappears at Brewster’s angle 55°20’. The contrast then reverses and 
increases very rapidly, becoming infinite at about 84°. These results agree 
with the observations. 


sh 





Fic. 4. Upper figure: intensities of interference fringes are the absolute values 
of g and with scale. on right are intensities o*. Lower figure: absolute values of 
index of contrast for films on two glasses. (0.2 on ordinate scale should be 0.) 


The upper part of Fig. 4 gives the maximum and minimum values of @ 
calculated by Eq. (5) from the values of B,, B,, C, and C, given by Eqs. (30) 
to (33), using , = 1.491 and n, = 1.534, which are the values of m, and n, 
which correspond to the observed value of ¢, for films on quartz. The curves 
shown are for glass (1) (quartz, », = 1.459) and for glass (3) (n, = 1.7854). 
The separation of the curves for g, and g, for glass (2) n, = 1.4937 is too 
small to be shown in Fig. 3. The mean value of o for this glass lies approxi- 
mately midway between the two values shown for glass (1). The index of con- 
trast, K, defined by Eq. (8), is shown for glasses (1) and (2) in the lower part 
of Fig. 4. We see that for glass (1) the contrast decreases slowly, while for glass 
(2) it increases rapidly when i increases and at 43° the contrasts are equal. 
These results are in complete agreement with the observations given in Table IT. 
The observed points of disappearance and reappearance of fringes with glass 
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(1) occur at # = 53°20’ and 56°50’. The contrast is about 1:1.15 at these points, 
so the fringes become invisible between these limits because of the low in- 
tensity of the reflected light (less than 0.04 per cent). With glass (3), on the 
other hand, the intensity of the reflected light at Brewster’s angle is 0.4 per cent 
and in this neighborhood a relative change in intensity of 2 per cent is caused 
by a change in # of a little less than 2’. Thus, the observed accuracy of measur- 
ing t, on glass (3) and the inaccuracy with glass (1) is explained quantitatively. 

The optical properties of the built-up films on chromium and on the several 
glasses are thus in accord with the theories given for uniaxial crystals with 
their optic axis perpendicular to the plane of the film. The analysis that we 
have made furnishes several independent methods by which n, and n, can be 
determined accurately. Thus with measurements of AN, we have the possi- 
bility of precise measurements of t, the spacing of the layers. If then films 
are also used for X-ray diffraction measurements a direct comparison of optical 
and X-ray wave-lengths can be made. 


Spacing Measurements for Films Built on Glass 


When spacing measurements were made with films built on glass, the films 
had to be built with a greater step-rise than in the case of films on chromium 
since the minima were not so sharply defined. A step-rise of 10 layers was 
sufficient when the films were built on glass of refractive index n = 1.78, 
when glass of lower refractive index was used the step-rise had to be 16-20 
layers. 

The results with were obtained showed that measurements made with 
films on glass, n, = 1.78 and a 10-layer step-rise, had the same probable 
error as with films on chromium having a 2-layer step-rise. The films on glass 
had the advantage that they could be measured at small angles of incidence 
and when is small the calculated values of cosr are less affected by an error 
in the value of the refractive index than when j is large. With R, accurate 
measurements could be made at angles up to about 50°, which was a greater 
range than for the case of chromium. The values of , cosr calculated from 
n = 1.491 were independent of the angle, as in the case of the data in Table III. 
When the glass was thoroughly cleaned by being scoured with Shamva the 
values of —N, obtained in accordance with Eq. (2) were —N, = 0.2 to 1.0 
layer, the value commonly obtained being 0.7 layer. These relatively small 
values are in accord with the known small degree of elliptic polarization from 
transparent media. 

Small variations in Ny were attributed to the manner in which the glass 
was cleaned in successive runs. The glass 2, = 1.78 was visibly stained by 
dilute acid, also long exposure to the air produced a film on the surface which 
had a thickness of many stearate layers. Scouring the surface with Shamva 
removed films of stain and grease very satisfactorily, but the Shamva itself 
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adhered to both glass and metal and could not be removed merely by rinsing 
the surface with a stream of running water. Even after thorough swabbing 
with cotton under water some traces of Shamva were frequently detected which 
were sufficient to account for small variations in N, of the magnitude which 
were observed. The values of N, obtained for chromium cleaned with Shamva 
were subject to similar variations within a range of approximately +0.2 layer. 
Chromium cleaned by being made cathode in an electrolytic bath showed 
an increase in —N, of 1 layer as a result of becoming slightly etched by being 
cleaned about 10 times. 


Effect of Foreign Substances Dissolved in Benzene 


The solution of stearic acid in benzene which was used to spread the mono- 
layer on water in these experiments contained stearic acid in a concentration 
which was commonly 3 x10-‘ by weight. The benzene was ‘‘ Benzene Merck” 
which was redistilled in this laboratory. ; 

The effect of the presence of a small amount of a dissolved oil in the benzene 
was demonstrated by adding mineral oil in a concentration 3 x10-* by weight 
to redistilled benzene containing a concentration 3 x10~‘ stearic acid. Films 
containing 200 layers were readily built on chromium with this mixture. They 
had a spacing approximately 80 per cent greater than the normal spacing for 
barium stearate and were much less transparent, a large part of the light which 
fell on ‘the film being reflected as scattered light. The appearance when seen 
in a microsocpe indicated that much of the oil had gathered into a myriad of 
droplets. When ‘‘ Benzene Merck” was used without being redistilled a spacing 
6 per cent greater than normal was obtained, and films having more than 100 
layers on chromium showed marked scattering of light. 


Effect of Substances Dissolved in Water on Spacing 
of Layers and on the Refractive Indices 


A large number of measurements have been made to determine the number 
of layers between successive minima, AN,, for films of barium stearate built 
from many different solutions. The values were found to range from AN, = 
79 to 82 for films which could be built in a satisfactory manner. Most of the 
values lay between AN, = 81.2 and 81.1. The values were independent of 
pH, temperature, and barium concentration, within the range in which these 
variables were commonly used for film building. This range was pH = 6.5—7.2, 
temperature 15°C—25°C, barium concentration 0.3 x10-4 to 10-* M. The 
presence of Cu in a concentration 2 x10-* did not affect the spacing. The 
differences obtained in values of AN, were attributed to small amounts of 
foreign substances present in the water on which the films were spread. The 
belief that foreign substances were responsible for the variations was derived 
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TaBLe V 


Films Built on Glass. Initial Layer Formed by Rubbing Down 50 Layers of 
Barium Stearate 

















| 7 (a) eer @ 
on Ny ANy i Ny fl ANy 

1 39.0 38.8 | 
3 118.6 79.6 i 120.4 | 81.6 
5 199.2 | 80.6 201.9 81.5 
7 280.0 80.8 283.7 81.8 
9 361.1 81.1 ; 365.1 81.4 
11 442.3 81.2 1 446.8 81.7 
13 523.5 81.2 528.4 81.6 
| Mean 81.6 





from data of the type shown in Table V. Water obtained from a still lined 
with tin was used to make up solutions on solutions on successive days, all the 
solutions being 0.3 x10-*M BaCl,, 2x10-*M KHCO,, pH = 6.8. Some 
of these solutions produced films which gave data of the type shown in columns 
(a), Table V, whereas others gave data of the type in columns (5). In the typed 
(a) AN, increased steadily for each successive interval from the Ist to the 
6th minimum. In every case when ‘data of this type were obtained and a second 
series of measurements was made with films built from the same solution, 
the initial values obtained in the second measurements were similar to the 
final values of the first measurements. This made it appear very probable 
that the water used for the solution (specific resistance = 900,000 ohms-cm) 
contained a trace of some substance which was used up by the successive films. 
The series in columns (6) did not have this regular trend, the greatest departure 
from the mean value 81.6 being 0.2 layer. 

Mr. Scheafer has been conducting experiments which have shown that 
minute traces of tin, lead and silica in concentrations as low as 10-* parts by 
weight in the water can produce effects of this kind. The effect on the 2-dimen- 
sional viscosity of the films'* is a particularly sensitive indication of the presence 
of these impurities. The measurements given so far in this paper were made 
at a time when we had no knowledge of the nature of the foreign substances 
which may be responsible for changes in n and AN,. Recently we have made 
a few observations with distilled water from various source and have sometimes 
added small amounts of salts of divalent elements. 

Using a laboratory supply of distilled water of specific resistance about 
300,000 ohms-cm which had passed through tin lined lead pipe, we find with 
barium stearate films built up on quartz that with the extraordinary ray (com- 
pare with Table II) the B series is observed up to i = 56° 0’ that there is then 


13 T. Langmuir, Science 84, 379 (1936). 
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a range between 56° 0’ and 62° 30’ at which the A series is seen and at still 
larger angles the B series again appears. Thus for these films we may take 
i, = 56° 0’ and i, = 62° 30’. These values would indicate by Eqs. (34) and 
(35) that n, is about 1.515 and that m,is at least 1.56. These effects are probably 
due to traces of lead. 

To investigate the effects produced by lead, PbCl, was added, sufficient 
to make the solution 3 x10~* molar with respect to Pb, the solution being 
3 x10-* molar with respect to Ba. Films built from this solution on glass having 
a refractive index of 1.5106 showed at ¢ = 0 a fairly strong B series, so that 
n, for this film must have been at least 1.52. Films built from this solution 
on quartz gave with R, the B series for i << 56° 35’ followed by the A series 
at 1 > 56° 35’ with no return to the B series. The value of i, for films built 
on glass n = 1.78 was 56°10’. With m, = 1.52 and i, = 56° 10’ we find by 
Eq. (34) 23 = 1.559. 

On doubling the amount of lead the films were more difficult to build, but 
a value of m, was found which was slightly less than 1.5106. 

Films of pure stearic acid spread on distilled water pH = 5.8 without any 
added salts at’ = 0° gave no observable fringes on glas of n, = 1.5106, so that 
we may take n, = 1.510. 


Skeleton Films 


When a slide coated with a film of barium stearate which has been built 
at pH = 6.5 is soaked for 1 to 10 sec in benzene and is then withdrawn from 
the benzene, a striking change is observed in the interference color reflected 
by the film. The color of the soaked film corresponds to an optical thickness 
much less than that of the new film. Further soaking produces little or no 
change of color. The change is due to a large decrease in the refractive index 
of the film, the actual thickness being practically unaltered. Before the film 
is soaked it consists of a mixture of barium stearate and stearic acid,‘ the pro- 
portion of each component being determined by the barium concentration 
and pH of the water solution used in building the film. The benzene dissolves 
the stearic acid and leaves the barium stearate as a skeleton with air filling the 
spaces previously occupied by the stearic acid. 

The data in Tables VI and VII refer to a film which had an initial refractive 
index n, = 1.49 and after soaking in benzene the refractive index of the skeleton 
was ny = 1.30. Several skeleton films have been built which had the value 
Ny = 1.25, and in one case ny = 1.22. From the law of Clausius and Mosotti 


(n*—1)/(n? +2) = k xdensity (39) 


we have the result that », = 1.30 corresponds to a skeleton structure contain- 
ing 63.7 per cent of the material in the initial film. The values ny = 1.25 
and 2, = 1.22 correspond to 53.8 per cent and 47.7 per cent, respectively. 
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Tasie VI 
Intensity Minimum m =3 with Ordinary Ray of Wave-length 4 = 5893A 























| cos r | cos 7 
Film N i calc. for N cosr calc. for N cos r 
n= 1.499 | “| n= 1.30 
Normal | 424 _ 17°57’ | 0.9786 | 121.35 | 
134 | 38 55 | 0.9079 | 121.66 i 
; 144 53 40 H 0,8433 | 121.44 | | 
| | Mean | 121.48 | 
Skeleton 144 | 14°47" | 0.9854 | 141.90 0.9805 | 141.19 
| 154 | 3052 0.9396 | 144.70 0.9189 | 141.51 
164 4120 | «= 0.8977, |S 147.22 | 0.8613, | 141.25 
174 49 22 0.8623 | 150.04 0.8119 141.27 
+ 184 | 570 0.8288 | 152.50 | 0.7640 140.58 
Skeleton filled ‘ 124 17°55’ 0.9787 | 121.36 
with Nujol | 134 38 32 0.9096 | 121.89, 1 





The removal of 35 to 40 per cent of the material can be accomplished with 
practically no shrinkage in thickness of the film. Due to the decrease in refractive 
index vivid colors are obtained with skeleton films built on ordinary glass 
microscope slides, n, = 1.51 to 1.52, whereas normal films are barely visible © 
on this glass. The air spaces in the film may be filled with oil by allowing 
a drop of mineral oil to travel across the film. The oil does not wet the film 
permanently but withdraws from the path which it has travelled, and this 
path is then seen to have the same color as that of the film before it was soaked. 
If a moderately volatile oil such as tetradecane or kerosene is used, the color 
gradually returns to that of the skeleton film as the oil evaporates. 

When more than about 50 per cent of the material of the film is removed, 
the skeleton commonly shows partial collapse and has a fogged appearance. 
Films which have collapsed completely, due to the removal of more than about 
60 per cent, are no longer transparent. The best skeleton films are obtained 
when the films contain less than 100 layers, for the reason that the water solu- 


Taste VII 


Skeleton and Normal Films on Chromium Compared with R, Ray 
of White Light 


N | Nw N 





Color (Normal) | (Skeleton) | Nw 
2nd-order yellow | 127 169 0.7515 
2nd-order red 145 189 i 0.7672 
2nd-order blue 163 219 ; 0.7443 

| Mean 0.7510 
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tions which must be used to build films containing a large proportion of stearic 
acid are at pH = 6.5 which is a range of pH in which films are slower than at 
pH = 7.0 and become progressively slower as every successive 100 layers are 
added. A series of steps can be built in 50-layer intervals which appear perfectly 
transparent before the series is soaked, but when withdrawn from the benzene 

the higher skeleton steps are fogged in a manner which shows that the tend- 
" ency to collapse is greatest for the films which are built at the lowest speed. 
A study of the skeleton of a film thus affords an important test of the 
building qualities of the material of which the film is composed. 

A large part of the stearic acid is usually removed from the film by benzene 
in 10 to 60 sec, often it is removed in 1 sec. Prolonged soaking in benzene 
frequently results in a gradual slow decrease in optical thickness, but this is 
usually accompanied by a slow collapse of the skeleton. In order to build a 
skeleton which will have a desired value of n,, the proportion of the film that 
is to be dissolved is fixed by the stearic acid content of the film. For example, 
the data in Table VI refer to a film built at pH = 6.4 which lost 36.3 per cent 
of its initial material. Films built from a solution having the same barium 
content and pH = 7.0 lose practically no material when soaked in benzene 
for 1 min. 

The amount of material which can be removed at a given pH value, and the 
amount which can be removed without causing collapse are both affected to 
a great extent by the presence of traces of foreign substances in the water. 
In recent experiments the skeleton films which have been built when using 
barium acetate have shown less tendency to collapse than those built with 
barium chloride. The presence of copper in the water usually causes the films 
to crack when skeletonized. A wide variety of effects produced by foreign 
substances in the water when building skeleton films is being studied by Mr. 
Schaefer. 

The measurements given in Table VI were made with a film built on glass 
n, = 1.78 in steps having 119, 129, ... 229 layers. The water solution was 10-4 
M barium acetate, 0.2 x10-* M KHCOs, 10-° M KCN. The KCN was added. 
in order to remove traces of copper from the solution. The temperature was 
10°.-20°C, _pH = 6.4. The initial layer was built from a solution containing 
the some concentration of barium, pH = 8.5. 

The refractive index of the normal film was found by building steps on the 
standard glasses. Steps built on glass n, = 1.4937 formed a B series which 
had a contrast about one-half as great as the A series exhibited by the steps 
on n, = 1.5106. The refractive index was therefore n = 1.499. This value 
is higher than the usual value = 1.491 obtained for films built at pH = 7.0 
to 7.2 because of the greater percentage of stearic acid at pH = 6.4, the refractive 
index of pure stearic acid films being 1.51. 

The data in column 5 for the normal film were calculated using 2 = 1.499. 
The resulting values of N cos r are in good agreement. After these measurements 
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were made the film was soaked in benzene for 1 min. The values of N cosr 
in column 5 for the skeleton were calculated using 2 = 1.499, in column 7 
using 2 = 1.30. The results in column 7 are reasonably constant whereas in 
column 5 they show a steep upward trend with increasing i. The refractive 
index of the skeleton was therefore 1.30. 

All films which reflect minimum intensity corresponding to a particular 
value of m have a constant value of nNt cos r (by Eq. 4), if one neglects Ny 
(Eq. (13)) which is a very small term in the case of films on glass. Therefore 


ty/t = nN cos r/nyNy cos ry, (40) 


where the subscript W refers to the skeleton film. Substituing » = 1.499, 
ny = 1.30, Ncosr = 121.48, Ny cos ry = 141.2 (from Table VI) we have 
the result t, = 0.992¢. That is, the removal of 36.3 per cent of the bulk of the 
film was accompanied by a shrinkage of only 0.8 per cent in thickness. 

When the skeleton was filled with Nujol the optical properties were nearly 
identical with those of the original film. Table VI gives the results of meas- 
urements of the oil-filled film. The refractive index of Nujol is 1.480 and of 
stearic acid is 1.51. The increase in the value of N cos r at N = 134 from 
121.66 for the normal film to 121.89 for the oil-filled film is in accord with 
the lower mean value of refractive index. 

During the process of building these films on glass a chromium slide was 
attached to the back of the glass slide. The films on the chromium were also 
skeletonized by being soaked for 1 min. in benzene. The colors of the steps 
were then compared with a standard color-scale made of normal films built 
on chromium in 18-layer intervals. The skeleton and the standard were viewed 
by the R, ray of while light at 1 = 80°. The steps which matched most nearly 
in color are listed in Table VII. Eq. (40) was applied to these data with the 
assumption that N, for skeleton films on chromium was the same as for normal 
films. The value of , which was required to satisfy Eq. (40) when N/Ny 
= 0.7510 and ¢ = 80° was ny = 1.295. Thus the method of building films 
simultaneously on glass and chromium affords a useful means of making two 
independent determinations of ny which cover a range of ¢ from 14° tp 80°. 

After the data given in Tables VI and VII were obtained, films were built 
on seven microscope slides, each film having steps of 333, 343, 353 layers. 
All were soaked in benzene for 1 min. Measurement of the angles ¢ at which 
these films reflected the minimum m = 7 gave the result n, = 1.32. It fre- 
quently happens that after a water solution has stood in a trough for several 
hours the values of n, which are then obtained are slightly higher than the 
initial values. This is probably due to a gradual accumulation in the solution 
of substances dissolved from the trough or taken up from the air. 

The slides were stacked in a pile and the birefringence of the total of the 
seven films was measured by means of a quartz wedge compensator using 
transmitted light. The relative phase retardation of the R, and R, rays corre- 
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sponded to 4/4 for sodium light at i = 48° and 4/3 at i = 54°. The total 
thickness Nt, of the 2471 layers was 59,800A, taking t, = 24.2A. Therefore 
the factor 5752¢ in Eq. (28) was replaced by 59,800. For Al = 1473A at 
i = 48° it was found that when n, = 1.32 the value of 2, which gave terms 
which satisfied Eq. (28) was ns = 1.390. For Al = 1964A at i= 54° the 
calculated value was n, = 1.391. 

A measurement of Brewster’s angle made after these films were built gave 
the result i, = 51,17’. Substituting i, = 51°17’ and n = 1.32 in Eq. (34) 
we obtain n, = 1.383. The refractive indices of the normal films built at 
pH = 7.0 were n, = 1.491, my = 1.551 from Eqs. (12) and (25). The skeleton 
films having 2, = 1.32 and n, = 1.390 or 1.383 have therefore approximately 
the same value of m,—n, as the normal films. 
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OPTICAL MEASUREMENT OF THE THICKNESS OF 
A FILM ADSORBED FROM A SOLUTION 
With Vincent J. SCHAEFER as Co-author 


Journal of the American Chemical Society 
Vol. LIX, No. 7, 1406, July (1937). 


A Since layer of molecules deposited from a water surface on a built-up 
film produces [I. Langmuir, V. J. Schaefer and D. Wrinch, Scéence 85, 
76-80 (1937); K. B. Blodgett and I. Langmuir, Phys. Rev. 51, 964 (1937)] 
a perceptible change in the color given by interference of light from the top 
and bottom of the film. 

We can condition the surface of the built-up film to enable it to adsorb 
organic or inorganic substances from solution, and determine the dimensions 
of adsorbed molecules by the change in color. 

Dipping the film into a solution containing a second substance reactive 
to the first, a second adsorbed film can be formed. Sometimes succesive alter- 
nating layers can be built. 

One method of conditioning a plate is to deposit upon it an A-layer of stearic 
acid from a water surface and to bring it into an aluminum chloride solution 
(10° molar). After washing, it is ready to adsorb many organic substances 
which contain polar groups. 

For example a drop of a 1% solution of egg albumin is applied to the wet 
plate which is then washed and dried. The apparent increase in thickness 
is equivalent to 2 barium stearate layers (50 A). With Stanley’s tobacco virus 
protein we obtain a maximum thickness of 12 stearate layers equivalent to 
300 A. 

A surface conditioned by a monolayer of egg albumin deposited from a 
water surface takes up an adsorbed film of tobacco protein having a maximum 
thickness of only 5 stearate layers. This may be the thickness of molecules 
lying flat on the surface. Adsorbed films of other proteins on aluminized 
surfaces give films of from 2 to 8 stearate layers. As these are not always pro- 
portional to the cube root of the molecular weight, some protein molecules 
seem to be non-spherical. 

It facilitates the formation of a complete layer to apply the protein in suc- 
cessive stages, washing and drying the plate after each addition of the protein, 
probably because of consolidation by surface tension. 

The molecular dimension (normal to the surface) of adsorbed molecules 
in a film which is only 70% complete may be determined by filling the interstices 
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between molecules with hexadecane after covering with 4 barium stearate layers 
to render the surface non-wettable by oil. 

Co-operating with Dr. Harry Sobotka we have conditioned a surface by 
deposition of a monolayer of cholesterol (18 A). This surface takes digitonin 
from aqueous solution giving an adsorbed film of 36 A. Another layer of 
cholesterol can be deposited and a second adsorbed film of digitonin, etc- 
These multilayers give accurate measurement of molecular dimensions. 

With Dr. E. F. Porter, we have adsorbed diphtheria toxin on a plate condi- 
tioned by aluminum chloride obtaining a monofilm of 36 A. On dipping the 
plate into diphtheria antitoxin, there was an increase in thickness of 75 A. 
Successive alternating layers of toxin-antitoxin can be built up indefinitely. 

Not only the thickness but many other properties of adsorbed films can be 
measured such as contact angles with various liquids, solubilities, adsorbing 
power for substances in solution, refractive index, etc. 

We believe the methods outlined are useful for detecting and indentifying 
minute amounts of substances of biological interest and for studying the struc- 
ture, reactivities and other properties of these substances. 
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Science 
Vol. LXXXVII, No. 2266, 493, June (1938). 


IN SOME studies of the mechanism of the flotation process made several years 
ago! monolayers of oleic acid were spread on water, and by a dipping process 
were deposited upon solid surfaces of glass, platinum, mica, calcite, sphalerite 
and galena. With each of these solids no monolayer was deposited on the down- 
trip into the water, but on the up-trip the surface came out of the water initially 
wet and on top of the water film there was a monolayer of oleic acid. After 
the draining out or evaporation of the water film the hydrophilic groups in 
the oriented oleic acid molecules were brought into contact with the solid sur- 
face to which they adhered more or less firmly, depending on the nature of 
the solid. Repeated dipping into a clean water surface, dusted lightly with 
talc, proved that for all the-surfaces except mica little or none of the oleic 
acid monolayer escaped onto the water. 

Two methods were used for detecting and studying the properties of these 
deposited monolayers: observations of the lubricating properties and of the 
contact angles given by drops of water placed on the surface. 

The monolayers on the solid surfgces had an enormous effect upon the 
static friction of small glass sliders placed on the surface. On glass without 
the film the sliding angle was over 60°, but this was reduced to about 6° by 
the monolayer. 

Drops of water placed upon a clean surface of any of these solids spread 
over the surface, wetting it completely, thus giving, a zero contact angle, 6. 
The clean surfaces are therefore hydrophilic. After the oleic acid monolayers 
had been deposited, the surfaces became hydrophobic and the contact angles 
depended greatly upon the character of the underlying solid. With mica the 
angle was 18°, 45° for glass, 65° for platinum, 70° for calcite, 82° for sphalerite 
and 86° for galena. 

Mica behaved differently from the other substances in that a considerable 
part of the oleic acid monolayer deposited on mica was given up when the 


[Eprror’s Note: Similar paper in Monograph of papers given at AAAS Meeting in Indiana- 
polis, Dec. 27, 1937-Jan. 1, 1938.] 

* Address of the vice-president and chairman of the Section of Chemistry, American Asso- 
ciation for the Advancement of Science, Indianapolis, December 28, 1937. 

1 I, Langmuir, Trans. Faraday Soc. 15: 62, 1920, reprinted in G-E Rev. 24: 1025, 1921. 
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mica was dipped into clean water, as shown by the talc test. If the mica covered 
by the monolayer was repeatedly passed through a stream of water it became 
wetted nearly as easily as a surface of freshly split mica. The hydrophobic 
character of oleic acid monolayers on the surfaces of the other substances, 
however, was not appreciably changed by passages through a stream of water. 

According to a theory which I had previously developed**-“5 the surface 
tension and presumably the contact angles characteristic of a surface involve 
only short-range forces and depend primarily on the nature of and arrangements 
of the atoms which form the actual surface and not directly upon the nature 
of underlying molecular layers. From this viewpoint because of the orientation 
of the molecules we might be led to suppose that the upper surface of oil films 
on solid bodies should always consist of CH, or CHs groups, so that the surface 
properties of all the films would be similar. 

There is, however, an important distinction between the case of an oil 
film covered by a water drop and a surface layer of a pure organic liquid. The 
water drop on the film tends to draw the active groups to itself and so cause 
a reorientation of the molecules. In the case of oleic acid there are two active 
groups in the molecule; the carboxyl group and the double bond. We may 
assume that on galena, with its strong field of force the active groups are held 
so firmly that water can not cause any appreciable fraction of them to change 
their orientation. Thus the surface of the oleic acid film on galena consists 
almost entirely of hydrocarbon groups and the contact angle with water is 
only slightly less than that observed on solid paraffin (6 = 110°). With a mono- 
layer on glass, on the other hand, the presence of an overlying drop of water 
may bring some of the active groups to the upper surface of the film, so that 
the water spreads over this surface much more easily than over paraffin, giving 
a much lower contact angle. 

This theory also readily explains the marked difference between the contact 
angles of an advancing and a receding water surface on glass covered by an 
oleic acid monolayer. The advancing surface is continually moving onto a sur- 
face having few hydrophilic groups, while at the receding edge of the drop the 
water must peel back from the surface on which there are many hydrophilic 
groups produced by the reorientation of some of the polar molecules. 

Another factor which may cause contact angles to depend upon the nature 
of the solid under the monolayer is that the spacing of the molecules in mono- 
layers on solids may often be dependent primarily on the surface lattice of the 
solid, whereas with films on liquids the molecules are able to arrange themselves 
largely without reference to the structure of the underlying liquid. As a result, 
the films on solids are ordinarily not in stable equilibrium; many molecules 


* I. Langmuir, Met. Chem. Eng. 15: 468, 1916. 

* 1. Langmuir, J. Am. Soc. 39: 1848, 1917. 

4“ I. Langmuir, Colloid Chem. 1: 525, 1926, edited by Jerome Alexander, 
5 I, Langmuir, Chem. Rev. 6: 451, 1929. 
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are crowded into spaces too small for them, while others occupy unnecessarily 
large areas. Even in our early experimental work with films on solids we found 
that the results were much more irregular and depended much more on slight 
differences in the previous histories of the films than in the case of monolayers 
on liquids. 

The clean surfaces of glass and the fresh cleavage surfaces of the minerals 
used in these studies were both hydrophilic and oleophilic, being completely 
wetted by water or by Petrolatum. However, if very pure Petrolatum was 
applied first it was found that this was completely displaced from the surface 
by a drop of water. This displacement could be prevented by very minute 
traces of fatty acids dissolved in the Petrolatum, for then a hydrophobic ad- 
sorbed monolayer was formed between the solid and the hydrocarbon and 
this could not be removed even by washing with benzene. 

Dr. K. B. Blodgett in 193367 developed a method of building successive 
layers of stearataes of divalent elements or even of pure stearic acid. Films 
produced in this way are remarkable in that they are both hydrophobic and 
oleophobic. 

According to Bartell’° the contact angle 0, made by a drop of any organic 
liquid R on a solid can be calculated by the equation 


Yq C08 On = (12.8—yqy)K +65.2 (1) 


where y, is the surface tension (dynes cm‘#) of the liquid (against air), ypw 
the interfacial surface tension between the liquid and water and K is a para- 
meter (K,s in Bartell’s nomenclature) which is characteristic of the solid only. 
The contact angle 6, for a drop of water can be calculated by the same equation 
if we place yy = 0 and replace the subscript R by W. 

Let us consider the application of this theory to drops of water and of 
Petrolatum (Squibb’s) on barium stearate films. Previous measurements! 
have given yg = 31.7; yay = 53.0 and yy = 72.8. Eq. (1) then gives 


cos 6, = 2.10—1.29 K (2) 
cos 6, = 0.90 +0.18 K 


According to these equations, hydrophobic solids (6 > 0) are those for which 
K < +0.56 while solids are non-wettable by Petrolatum or oleophobic (8, > 0) 
only if K > +0.85. Solids whose values of K lie between 0.56 and 0.85 are 
oleophilic and hydrophilic. This theory, however, denies the existence of 
any solids which are both oleophobic and hydrophobic. 


K. B. Blodgett, ¥. Am. Chem. Soc. 56: 495, 1934. 

. B. Blodgett, 7. Am. Chem. Soc. 57: 1007, 1935. 

. B. Blodgett and I. Langmuir, Phys. Rev. 51: 964, 1937. 

. B. Blodgett, ¥. Phys. Chem. 41: 975, 1937. 

E. Bartell and L. S. Bartell, 7. Am. Chem. Soc. 56: 2205, 1934. 
Langmuir, J. Chem. Phys. 1: 756, 1933. see p. 762. 
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Now there are numerous surfaces (clean glass, metals, etc.) which are in 
fact both hydrophilic and oleophilic and these fit in with Bartell’s theory. 
However, the barium stearate multilayers are hydrophobic and oleophobic, 
as experiments give for water 6, = 90° and for Petrolatum 0, = 55°. If we 
substitute these values into Eqs. (2) and (3) we obtain Kz = +1.19 and 
K, = —5.0, whereas by Bartell’s theory K, and K, should be equal. 

Bartell’s theory was based on observations of contact angles given by 5 
liquids on 16 solids. The values of K. ranged only from —0.81 to +0.91. The 
discrepancy shown by the stearate multilayers is therefore a very great one, 
and proves that Bartell’s theory can not be generally applicable. 

Y-Films: When barium stearate films are built up from stearic acid spread 
on a solution containing 10-‘ M BaCl, 2 x10-* KHCO, at pH 6.8, monolayers 
are deposited both when the film is lowered into the bath and when it is raised 
out of the bath. Films of this type we call Y-films. The layers deposited on 
the down-trip we call A-layers and those formed during the up-trip we call 
B-layers. Thus Y-films consist of alternating ABAB ... layers. On the water 
surface the stearic acid monolayer or H-layer! is undoubtedly oriented with 
the carboxyl group down, and therefore presumably the A-layer has the 
carboxyl group on the side away from the plate while the B-layer is oppositely 
oriented so that the tail or hydrocarbon end of the molecule forms the actual 
surface. Thus in the multilayers the barium atoms should be located in layers 
with spacings twice the length of the stearate molecule. X-ray examination 
of the films proves in fact that the spacings of the planes containing the barium 
atoms is 48.8 A, while optical measurements prove that the thickness per 
stearate layer is 24.4 A. 

When water drops are placed upon a barium stearate Y-multilayer, built 
from H-layers on a solution containing 10°*M BaCl,, 2x10“M KHCO, 
(pH 6.8), the contact angle is 90°. If a drop of water weighing 60 mg is placed 
on such a prepared plate and this is tilted 25°, the drop begins to move. By 
decreasing the angle the motion is made to stop, and then the angle at the 
receding edge is 82° and at the advancing edge 110°. If a drop of Squibb’s 
Petrolatum is used in a similar way the initial angle is 53°, the receding angle 
29° and the advancing angle 55°. 

The observed hydrophobic character of the Y-multilayers, whose outermost 
layer is a B-layer, lends support to the view that the molecyles are oriented 
so that the hydrocarbon tail is uppermost. It would seem that direct evidence 
of the orientation of the A-layer could be obtained by depositing an A-layer 
on a downtrip and then sweeping off the remaining H-layer by moving a barrier 
across the water surface so as to avoid the deposition of a B-layer on the up-trip. 
When this is done, however, it is found that the B-layer escapes onto the water 
surface. This can be proved not only by observing the motion of talc dusted 


48 The need for a terminology and a symbol for a monolayer of an insoluble substance on 
waters is met by calling such a monolayer an H-layer. 
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water but also by the direct optical determination of the thickness of 
, on the plate by the methods that have been developed within the last 
few years.®-91316 

The fact that the film goes back onto the water surface indicates that the 
force between the water and the A-film is greater than that between the A- 
film and the underlying B-film, and thus gives support to the belief that the 
side of the A-film which is furthest from the chromium plate is hydrophilic. 
We have not yet found any way to anchor the hydrophobic side of the A-layer 
so as to be able to bring out into the air a hydrophilic A-layer of barium stearate. 

It seems remarkable that a substance like Petrolatum should peel off from 
barium stearate Y-layers when it is considered that the orientation of the upper- 
most B-layer is such that the actual surface consists entirely of hydrocarbon. 
The probable explanation is that the molecules are so tightly packed into an 
area of about 20 A? per molecule that only the CH; groups at the ends of the 
molecules are exposed on the surface. The properties of CH, may well be so 
different from CH, that a liquid consisting mostly of CH, does not wet a sur- 
face consisting entirely of CH;. 

X-Films: If the pH of the bath from which barium stearate monolayers 
are deposited onto the chromium plate is raised to about 9, it is found under 
certain conditions that monolayers are deposited only during the down-trip 
(A-layers). In this case the plate emerges from the water in a dry condition 
after each up-trip, giving a contact angle of about 90° with the water, whereas 
when Y-films are formed at pH 6.8 the contact angle at which the water re- 
cédes from the plate on the up-trip is about 50°. 

Proof that a film goes on during the down-trip and none on the up-trip 
is furnished by observing the motion of talc particles placed on the H-layer 
near the plate. Optical determinations of the thickness of the plate show that 
the increment of thickness is about 26 to 28 A per round trip, while with Y- 
layers it is 48.8 A per round trip. 

There is usually some difficulty in starting the building of X-films. Thus, 
if after a number of layers of Y-type have been built from a solution at pH 
6.8, the pH is changed to 9.0, the first 3 to 4 dips continue to give Y-layers. 
Then, usually near the edges of the plate and especially near the bottom edge, 
X-films begin to form. After one or two more dips uniform X-films are deposited 
over most of the area of the plate. 

Dr. Blodgett® has found that with solutions of certain pH values it is pos- 
sible to build either X- or Y-films, depending upon the length of time the film 
is held under water. If after each down-trip the slide is held 10 sec or more 
under water, no B-layer is deposited on the following up-trip, so that X-films 
are built. If, however, the plate is immediately raised out of the solution after 
the down-trip, a B-layer is deposited on the up-trip so that Y-layers are for- 

18 J, Langmuir, V. J. Schaefer and D. M. Wrinch, Science 85: 76, 1937. 

14 J, Langmuir, V. J. Schaefer and H. Sobotka, ¥. Am. Chem. Soc. 59: 1751, 1937. 
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med. There appears to be a marked difference of composition between the X- 
and Y-films. The Y-films are easily skeletonizable by dipping for a few seconds 
in benzene; this dissolves out the free stearic, acid, which may be present 
to the extent of 10 to 40 per cent, depending on the pH, leaving the thickness 
of the film unchanged but greatly reducing the refractive index, since each 
stearic acid molecule is replaced by a void. X-films, however, undergo no 
appreciable change when dipped into benzene, indicating that there is no 
appreciable amount of free stearic acid, the film presumably consisting wholly 
of neutral barium stearate.1® This increase in barium content occurs spon- 
taneously during the time the film is under water. 

Dr. Blodgett has found that X-films of lead stearate are formed from H- 
layers of stearic acid on 10-4 M PbC},, pH 5.6. If 5x 10-*M SnCl, or 10-4 M 
FeCl,-++5 x 10-? M KI, pH 5.4, is added good Y-films of lead stearate can be 
built. When H-layers of arachidic acid of doubtful purity on 10-¢M PbCh, 
pH 5.6, are deposited on a chromium plate good Y-films result. In all these 
cases the Y-films are skeletonizable in benzene, whereas the X-films are not. 

Since the X-films consist of a series of A-layers, we should expect them 
to be so oriented as to give a hydrophilic surface. However, measurements of 
contact angles obtained with water and Petrolatum on X-films give results 
practically identical with those on Y-films. We must conclude therefore that 
in some way the hydrophilic groups in the molecule have been drawn below 
the actual surface. The practical identity of properties suggests in fact that the 
deposited A-layer has acquired the same orientation as a B-layer. Thus the 
molecular layer has overturned, presumably while immersed in the solution. 

The structure of X-films is not yet definitely known. There are many ap- 
parently contradictory features to be reconciled. X-ray determinations of the 
spacing between layers of barium atoms in X-films have been made by Holley 
and Bernstein* who find the same spacing as in Y-films. This implies an 
alternating orientation of successive layers. There is nothing, however, in the 
method of deposition of X-films to suggest a periodicity corresponding to 
two round trips.}” 

Porter and Wyman? have shown that the potential of the surface of a Y-film 
on chromium with respect to the underlying metal stays practically constant 
at about +0.2 volts as the number of layers in the Y-film increases. With 
X-films, however, the potential increases linearly with the number of layers, 
about 70 mv per layer. Porter and Wyman consider this as evidence for internal 


18 I. Langmuir and V. J. Schaefer, ¥. Am. Chem. Soc. 58: 284, 1936. 

16 C. Holley and S. Bernstein, Phys. Rev. 52: 525, 1937. 

1” (Private communication from E. F. Porter and J. Wyman, Jr.) In their second paper, 
J. Am. Chem. Soc. 60: 1083, 1938, Porter and Wyman give evidence that during the early stages 
of the building of X-films the electric potentials and the contact angles show alternating increases 
and decreases, indicating a periodicity corresponding to two dips. 

18 E. F. Porter and J. Wyman, Jr., ¥. Am. Chem. Soc. 59: 2746, 1937. 
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polarization of the film such as would be expected if all the layers had similar 
orientation, a result in conflict with Holley and Bernstein’s measurements. 

Porter and Wyman in a second paper" show that the total potential of a com- 
posite film consisting of X- and Y-layers is brought nearly to zero by the 
addition of one or two pairs of Y-layers, whereas one or two X-layers raise 
the potential nearly as high as if the whole film were built of X-layers. These 
results seem to indicate that the potentials of the X-layers are not due to in- 
ternal polarization but are caused by a surface electrification or a kind of frictional 
electricity, generated by the recession of water from the hydrophobic surface 
during an up-trip. In the case of Y-films there is no such recession from a sur- 
face, for the water between the B-layer and the underlying A-layer is forced 
out by an attraction between the hydrophilic groups of layers by a kind of 
zipper action.!* There is thus none of the slipping of one surface over 
another which would seem to be needed for the development of frictional 
electricity. 

If the potentials of the X-films are due to a surface charge, the potential 
should increase in proportion to the number of layers. There is then no evidence 
from the experiments against an alternating arrangement for the layers inside 
the X-films. The uppermost layer, however, presumably always has an orien- 
tation similar to that of a B-layer. 

The suggestion has been made by Porter and Wyman”’ that X-films with 
an odd number of layers have structures like Y-layers, with alternating orienta- 
tions throughout the film. 

When one more A-layer is deposited, making the total number even, this 
new layer overturns to give an orientation like that of the B-layers of a Y-film, 
so that now the outer two layers have similar orientation. When a second 
A-layer is deposited, giving again a film with an even number of layers, it is 
then necessary that the new layer and the one below it shall both overturn, 
in order to reestablish the alternating orientation characteristic of the odd 
number of layers. ; 

A convenient way of representing the structures of built-up films is to 
employ the small (l.c.) letters p and q. Two layers which have molecules op- 
positely oriented so that their ‘‘heads’” face one another are thus shown as 
pq, while qp represents two layers having the ‘“‘tails” of the molecules in 
contact.!* If we adopt the convention of placing P, which represents the solid 
plate at the left with the symbols for the successive layers to the right of it, 


1° C. To avoid confusion due to overturning it seems necessary to use A and B as symbols 
to denote only the method of deposition (down-trip and up-trip) and not the orientation of layers 
Thus Y-films are PBABAB...AB and X-films are PRAB... AA, although the orientation 
of their layers may perhaps be the same. In Y-films the A- and B-layers correspond respectively 
to p and q layers but because of the overturning there is no such relationschip in the X-films. 
The orientation of p layers may be destribed as exotropic (having the head turned out) while 
that of q layers is endotropic (head turned in). 
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Porter and Wyman’s suggested structures of X-films (in air) are: P qp qp q 
for 5 layers, P(5), P qp qp qq for P(6) and Pqpqpqpq for P(7). 

An odd-numbered layer, such as the outside layer in P(5), must originally 
have been deposited as a p-layer (A-layer), but overturned to give a q-layer 
before being brought out into the air. It remains as a q-layer in P(6) and P(7), 

An even-numbered layer, such as the outside layer in P(6), starts out as 
a p-layer when deposited, overturns to give a q-layer before being brought 
out into the air, and overturns again, back to a p-layer, in P(7) probably at 
the time when the outside layer of P(7) overturns. 

Thus the q-layer which constitutes the outside layer of an X-film in air 
overturns to give a p-layer when another layer is placed on it, unless the heads 
of the molecules in the q-layer are in contact with (or anchored by) the heads 
of an underlying p-layer. 

The slight alternations observed by Porter and Wyman?’ in potentials and 
contact angles are probably to be explained as due to a less complete orientation 
of the outside q-layer (even number of layers) than when the outside q-layer 
is more firmly anchored by an underlying p-layer (odd number of layers). 

Whatever the structure of X-films may ultimately turn out to be, it seems 
that overturning of layers must be involved in their\ formation. 

Skeleton Films: The comparative stability of skeleton films of lead, cad- 
mium or barium stearate which contain as much as 40 pek cent. of voids seems 
to indicate an extraordinary rigidity for the hydrocarbon chain. To form avoid 
or hole in a solid substance such as a barium stearate layer should require 
an energy roughly equal to the heat of evaporation of a molecule, which in 
the case of stearic acid must be very large. Thus the collapse of a skeleton film 
should involve a large decrease of free energy and should be an irreversible 
process. 

Professor Edward Mack, Jr., has given me some models of hydrocarbon 
chains in which the carbon atoms are represented by aluminium spheres 
1.54 cm in diameter, connected by rod-shaped axes about which the spheres 
can be rotated freely. The scale of the model is such that 1 cm corresponds 
to 1 A. Hemispheres of a diameter of 2.0 cm with their centers in positions 
corresponding to the hydrogen nuclei determine the distance of nearest approach 
of hydrogen atoms in neihgboring hydrocarbon molecules.?° When this model 
of the hydrocarbon chain is placed on a flat surface it is possible to arrange the 
carbon atoms in a zigzag which corresponds to the crystal structure of stearic 
acid. The molecule as a whole then has roughly the form of a rectangular 
prism, 4.3 x3.9 A with a cross-section which corresponds to 17 Az, only a 
little less than the 19.2 A found for the cross-section of hydrocarbon chains 
in crystals of hydrocarbons. As long as the molecule rests on a flat surface it 
acts as a rigid body. If, however, it is lifted off the flat surface, it can be rolled 
up nearly into a sphere or into a great variety of other shapes. 


30 Edward Mack, Jr., ¥. Am. Chem. Soc. 54: 2141, 1932. 
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In barium stearate films the hydrocarbon chains have their axes perpen- 
dicular to the plane of the film and each is probably surrounded by 6 neigboring 
chains. If half the film consists of stearic acid and this is removed by skele- 
tonization, each molecule of barium stearate remains in contact with about 
3 out of the 6 neighboring molecules. The free rotation around the carbon- 
carbon linkage takes place about an axis inclined 35° from the axis of the 
hydrocarbon chain. The presence of neighboring molecules can thus prevent 
free rotation so that the molecules are held in a rigid form and collapse is 
prevented. 

Mechanism of Overturning: The rigidity of the hydrocarbon chains, illustrated 
by the properties of skeleton films, is in striking contrast to the mobility required 
for the overturning of molecules or even whole layers of molecules within 
solid multilayers. It is inconceivable that rigid molecules could turn end over 
end in these films. However, the models of Dr. Mack indicate that a hydro- 
carbon chain if freed from the constraint of its neighbors can bend into a U-form 
in which the two legs of the U, and the semicircular bend between them, 
have a total cross-section of only 40 A?. Thus in the q-layer of barium stearate 
which constitutes the outside layer of an X-film, a single barium atom joins 
two adjacent stearic radicals, forming a kind of U. By a kind of ring-around-the- 
rosy motion the U-shaped molecule is changed into a C-shaped molecule 
by the gradual shortening of one leg and the lengthening of the other, whose 
free end bends down to follow the receding short end. In this way, by a 
continuous process, the whole molecule of barium stearate turns from a U into 
an inverted U and so the barium changes its position to the opposite side 
of the monolayer. The overturning of the monolayer thus depends upon 
free rotation about the carbon-carbon bonds but for each molecule requires 
a space no greater than that of a prism of cross-section of 20 A and a length 
of 25 A. 

Although the stability of skeletonized films shows that the hydrocarbon 
chains are sometimes extraordinarily rigid, the extreme rapidity with which 
such skeletons are formed by dipping stearate films in benzene for 1 second 
proves very high internal mobility. During this short time benzene molecules 
must penetrate into the film to a depth of 100 or 200 barium stearate layers 
(5000 A) and displace the stearic acid molecules from their positions. Skele- 
tonization is possible (at a rate 100 times slower) even if the Y-film is covered 
by a “‘blanked film” of 20 layers of neutral barium stearate which itself is not 
skeletonizable.'* 

Overturning of B-Layers by Thorium Nitrate. The A-layers deposited 
on the down-trip during the building of a Y-film are exotropic and therefore, 
if aluminum chloride or thorium nitrate is introduced into the solution after 
the down-trip, we should expect the polyvalent cations to combine with the 
carboxyl groups and so join them together that the A-layer can no longer 
escape onto the water surface during the up-trip. Thus we should produce 
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a hydrophilic A-layer. These predictions were completely verified by experi- 
ments.*4 

Subsequently it was found* that a B-layer could be conditioned in this 
way by solutions of polyvalent cations just as well as an A-layer, the film being 
made hydrophilic. The B-layer of a Y-film is endotropic, and so there is no 
obvious reason for expecting interaction of the film with cations in the solution 
since only the hydrocarbon parts of the molecules are exposed. We must 
conclude that the B-layer has overturned and been changed from a q- to a 
p-layer. We may assume that thermal agitation causes individual molecules 
to overturn from time to time, the number in reversed orientations at any 
one time being extremely small, although a given molecule may overturn many 
times per second. If the plate is now dipped into thorium nitrate, the molecules 
which do overturn spontaneously become anchored by the thorium ions 
and are so prevented from returning to their original orientation. 

Dr. G.H.A. Clowes has reported that barium stearate films can be con- 
ditioned by uranyl salts at pH 6 but at pH 5 or 7 this treatment does not render 
the surface hydrophilic. We have found that the Y-barium stearate films, 
rendered hydrophilic by the 10-* M uranyl nitrate solution at pH 6, remain 
so if washed with distilled water in equilibrium with the CO, of the air at pH 
5.8, but immediately become hydrophobic if washed with distilled water which 
contains less CO,, pH 6.6. However, a few drops of water of pH 5.8 again 
render the surface hydrophilic. Apparently this action can be repeated 
indefinitely. We have found a few other cases (sodium desoxycholate) where 
very slight changes of pH may change conditioned surfaces reversibly from a 
hydrophilic to a hydrophobic condition. Perhaps these are due to overturning of 
the surface layers. The phenomenon is one which deserves much further study. 

Protein Films: Protein H-layers can be deposited on plates covered by 
barium stearate films either as A-layers or as B-layers. Many proteins, for 
example zein and gliadin, and others in less degree, give hydrophobic films 
when deposited at surface pressures F < 10 dynes/cm, but at higher pressures 
the surfaces become hydrophilic. There is no appreciable difference, however, 
between A- and B-films in this respect. This seems to indicate that the A- 
or B-films can readily overturn in response to the conditions to which they 
are exposed. For example, if a drop of water is placed on the surface, the hydro- 
philic side chains are moved to face the water, whereas when an oil drop is 
placed on the surface the hydrophobic groups move into contact with the oil. 

The reactivities of the protein monolayers also seem to be the same whether 
the layers are of A or B types. Presumably, however, the reactivities and other 
properties should depend on orientation. It was therefore desirable so to 
anchor the hydrophobic or the hydrophilic groups in the protein film that 
these can not overturn. If a B protein monolayer is deposited on a stearate plate 


21 I, Langmuir and V. J. Schaefer, ¥. Am. Chem. Soc. 59: 1406, 1937. 
33 [. Langmuir and V. J. Schaefer, ¥. Am. Chem. Soc. 59: 1762, 1937. 
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conditioned with theorium nitrate, the hydrophilic groups in the protein 
become anchored to the thoria. Such a surface is much more highly hydrophobic 
than a protein film deposited directly onto barium stearate. 

By conditioning a stearate plate with thorium and then treating with sodium 
desoxycholate, the surface is rendered extremely hydrophobic. The desoxycholic 
acid has a great affinity, for hydrocarbons, and thus when a B-layer of protein 
is deposited on a surface conditioned with desoxycholate the hydrophobic 
parts of the protein are anchored, while the hydrophilic groups are left free 
to form the actual surface. Protein films prepared in this way were found 
to be hydrophilic. ey 

The chemical activities of urease monolayers* deposited and anchored in 
these two ways were found to differ markedly in their ability to convert urea 
into ammonia. The hydrophobic surface of urease adsorbed on the surface 
conditioned with thoria was very reactive, whereas the hydrophilic urease 
adsorbed on desoxycholate showed no appreciable activity. 

Anchoring of Fatty Acid Monolayers on Glass and Chromium. tn depositing 
the initial B-layer of stearic acid on the clean glass or chromium, preparatory 
to the building of multilayers, Dr. Blodgett’ found that the pH of the water 
and the presence of certain cations were of great importance in determining 
the adhesion of the monolayer to the plate. In the early work on monolayers 
of oleic acid on the surfaces of minerals! ordinary tap water had been used 
and no study of the effect of the pH was made. With the assistance of Mt 
C. N. Moore I have recently undertaken experiments with monolayers of oleic. 
and stearic acids on glass and chromium plates. 

A microscope slide cleaned in a sulphuric-chromic acid mixture, washed 
thorougly with distilled water and dried was coated with oleic acid or stearic 
acid in serval ways and was then tested by placing a drop of water on the 
surface and observing the contact angle. B-layers of oleic or stearic acid, depo- 
sited from H-layers on distilled water, were displaced from the glass surface 
by a drop of water placed on the glass, leaving the glass completely wetted 
by water (9 = 0). On the other hand, if a portion of a dry glass surface was 
moistened with 0.1 M sodium hydroxide or barium hydroxide solution, and 
this was then thoroughly washed with distilled water, the oleic or stearic acid 
B-layers were hydrophobic and adhered firmly to the glass on those parts 
of the surface which had been treated with the alkali. In the case of the surface 
which had been treated with sodium hydroxide the contact angle against 
water was 20°, while the surface treated with barium hydroxide gave 40°. 
An essentially similar results was obtained when the cleaned glass plate was 
washed with Schenectady city water which contains the equivalent of about 
40 parts of MgCO,, 72 of CaCO,, and 77 CaSO, per million. 


% Paper by I. Langmuir and V. J. Schaefer to appear in the June number of the ¥. Am. Chem. 
Soc. 
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We also tried applying liquid oleic acid directly to the glass. This film was 
completely displaced by water unless the glass had previously been treated 
with alkali. Stearic acid, however, when melted on the clean glass surface 
forms drops which show a large contact angle against the glass (oleic acid on 
glass gives a practically zero contact angle). The glass so treated was hydro- 
phobic and gave with water a contact angle of about 20°. 

By dipping dry clean glass surfaces into dilute solutions of oleic or stearic 
acid in benzene, monolayers of the acids were adsorbed from solution. The 
layers of the acids were adsorbed from solution. The layers formed in this way, 
which we shall call S-layers, were immediately displaced from the surface 
by the addition of a few drops of water, giving a hydrophilic surface. Treatment 
with sodium hydroxide or barium hydroxide before applying the benzene 
solution gave hydrophobic surfaces. 

In each of the foregoing cases which gave a hydrophobic surface the contact 
angle was not lowered by repeatedly passing the plate through a stream of 
running water. It was also not markedly altered by repeated dipping into pure 
benzene or by heating to 100°C. 

A series of tests were made with films of oleic and stearic acid applied in 
various ways to surfaces of chromium plated brass which had been throughly 
cleaned by polishing with shamva. An oleic acid S-layer applied from a benzene 
solution and a B-layer both gave contact angles of 8 = 55° when a drop of 
water was placed on the surface. There was a considerable hysteresis, 
however, for when the slide was tilted the angle at the advancing edge of the 
drop rose to about 90°, while at the receding edge it fell to 40°. Drops of Petroleum 
gave advancing angles of 3° and receding angles of 0°, so that the surfaces 
were oleophilic. 

Molten stearic acid on chromium draws up into drops and leaves-on the 
metal a monolayer which shows a contact angle for water 6 > 90° and about 
30° for Petrolatum. When clean chromium was treated with a dilute solution 
of stearic acid in benzene and was then washed in pure benzene, an S-layer 
was left which gave a contact angle of 70° with water. A drop of Petrolatum 
gave a contact angle of about 5-10° and a receding angle only slightly greater 
than zero; that is, the oil drop peeled back from the surface extremely slowly 
with a hardly perceptible contact angle. 

The S-layers of the fatty acids on glass or chromium and the B-layers of 
oleic acid on glass were oleophilic, whereas barium stearate Y- or X-films are 
oleophobic, giving 6 = 53°. 

The difference between the S- and B-layers of stearic acid is probably 
due to a regular close-packed arrangement of the molecules deposited from 
an H-layer, while the molecules of stearic acid that diffuse to the surface 
in the benzene solution to form the S-layer are far less regularly spaced.* 


™ |. Langmuir, ¥. Franklin Inst. 218: 143, 1934, see p. 156. 
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The contact angles @ we have been discussing are measured by placing drops 
of liquid on the surface of a monolayer on a solid. This angle serves as a meas- 
ure of the work of adhesion W given by 


W = y(1-+cos 6) 


where y is the surface tension of the liquid of the drop. 

Zipper Angles: There is another angle, which we shall call the zipper angle 
z, that measures the adhesion of a B-layer for an underlying surface. For 
example, a clean chromium slide is immersed in clean water and then an 
H-layer of stearic acid is spread on the water. The water appears to peel back 
from the slide as this is slowly withdrawn from the water, leaving the slide 
dry but with a B-layer which has been deposited on its surface. Actually, 
however, the water is forced out’* from under the B-layer by attractive forces 
exerted by the polar groups of the B-layer upon the underlying polar atoms 
of the chromium surface—a kind of ‘‘zipper-like” action. The force of gravity 
is entirely inadequate as a cause of this phenomenon. The angle z is conve- 
niently measured by withdrawing the slide from the-water in an inclined position 
(its surface inclined from the horizontal by the angle z) and so altering z that 
the water surface remains horizontal right up to the line of contact with the 
plate. The angle is readily measured within about 10°. 

Oleic or stearic acid B-layers deposited on glass from pure water gives 
z = 0; i.e., the water is not forced out from under the B-layer. Such a B-layer 
is described as a hydrous B-layer, as it is separated from the underlying plate 
by a relatively thick layer of water (several microns at first). On standing a 
few minutes in the air the water film evaporates and the B-layer (then called 
a dehydrous B-layer) then comes into contact with the glass. If the glass has 
been previously treated with alkali, this B-layer becomes firmly anchored to 
the glass and can not be displaced by water or dissolved off by benzene. 

Recent experiments have shown that B-layers of oleic, stearic and arachidic 
acids deposited on clean glass from H-layers on distilled water are hydrous, 
z = 0, even if the pH is adjusted to values from 4 to 9 by HCl, NaHCO, or 
NH,OH. 

B-layers of these acids deposited on a Shamva-polished chromium surface- 
give zipper angles z = 50 to 60°, so that the plates emerge dry. These B-layers 
are firmly anchored to the chromium plates and are not displaceable by water 
or soluble in benzene. 


Conclusion 


The structure and surface properties of monolayers and multilayers are 
frequently determined by the orientations of individual molecular layers, but 
under certain conditions a layer may undergo an almost instantaneous reversal 
of orientation. This overturning may alter the chemical and physical properties. 
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It seems probable that the overturning of molecular layers may be a pheno- 
menon of considerable biological significance. If the monolayers contain dipoles 
or ionic charges as well as hydrophobic and hydrophilic groups, the overturning 
of the layer may cause large changes of electric potential. Conversly, change 
of potential or of chemical composition of the liquid on one side of a membrane 
may cause an overturning of one or more of the monolayers and so change the 
properties of the film. The phenomenon of overturing may perhaps help 
explain the mechanism of the propagation of nerve impulses. 
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Monolayers on. Water 


TuIs paper is a summary of our work during the last three years in which we 
have studied the properties of monolayers of stearic acid and some other 
substances on water containing low concentrations of metallic salts at various 
values of pH. The properties are sometimes so sensitive to the presence of 
dissolved salts that concentrations as low as 10-* molar may be detected 
(3 x 10—° g of aluminium per cc.). 

Many of the methods we have used are applicable in general to the study 
of insoluble nonvolatile films on water; that is, to those that can withstand 
pressure exerted by bariers without loss of material from the film. We shall 
give a few examples of such applications. 

In some studies of monolayers of stearic acid adsorbed at the interface 
between petrolatum and water! it had been found that very low concentra- 
tions of calcium ions (less than that which corresponds to the solubility of 
calcium carbonate in 0.02 N sodium carbonate) cause the area per molecule 
in the monolayer to decrease from 90 to 20 sq. A and make the film rigid. 

Dr. Blodgett’s studies of the building up of multilayers* showed that con- 
centrations as low as 3 x10°* molar of calcium carbonate permitted the forma- 
tion of these multilayers on alkaline water. Later work® showed that traces 
of substances present in distilled water from several sources, all of which had 
specific resistances of the order of 10* ohms cm (without removal of carbon 
dioxide), were found to have appreciable effects on multilayers of barium 
stearate and upon the conditions under which they could be built. Copper, 
zinc and lead salts purposely added, at concentrations of 10 * M, also had 
profound effects. 

A few years ago! methods were developed for determining the equations 
of state (F-a curves) for adsorbed films of stearic acid at the interface between 
hydrocarbons, liquids and water. Complete data were given for these interfacial 

1 I, Langmuir, J. Franklin Inst. 218, 143-171 (1934). 

2 K. B. Blodgett, ¥. Am. Chem. Soc. 57, 1007 (1935). 

® K.B. Blodgett and I. Langmuir, Phys. Rev. 51, 964 (1937). 
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films between petrolatum and 0.01 N hydrochloric acid solution and a few 
data were given for films on 0.01 N sodium hydroxide. 

Later, because of their biological interest, we attempted‘ to obtain F-a 
curves for a series of different values of pH from 2 to 10 and to study the 
effect of additions of potassium, sodium, calcium and magnesium chlorides 
We wished to apply Gibbs’ equation to determine the amount of OH™ ion 
adsorbed and to check the accuracy of the data. However, we ran into serious 
difficulties which originated from minute and uncontrollable traces of impu- 
rities in the distilled water and in the added salts. We decided, therefore, 
before continuing this work to make a detailed study of the effects of salts 
upon stearic acid monolayers at an air-water interface where similar effects 
may be expected. 

We have chosen stearic acid for most of these studies because of its known 
reactivity with metallic ions to form inosluble compounds. Thus polyvalent 
cations should be very strongly adsorbed upon the carboxyl groups which 
lie at the under side of the stearic acid monolayer on water. Cetyl alcohol and 
cholesterol monolayers are comparatively little effected on their properties 
by pH and by dissolved salts. 

The properties of the stearic acid monolayers were found to be so greatly 
modified by such small traces of certain salts that it seemed unwise to make 
accurate measurements of these properties. We have preferred to study prop- 
erties which can be observed quickly by simple means. We hope soon to make 
quantitative studies, now that the precautions for obtaining reproducible 
conditions are definitely known.® 


Theory of the Adsorption of Salts by Monolayers 


The modification of a stearic acid monolayer by the presence of salts in the 
substrate is usually due to adsorption of the salt on the under surface of the 
monolayer, but in some cases® ‘‘penetration” occurs; that is, adsorbed atoms 
or molecules take positions between the molecules of the original monolayer. 

The relation between the composition of the solution and that of the 
monolayer may be represented by an equation which is called the adsorption 
isotherm. In general, there will be one such equation for each adsorbable compo- 
nent. 

In some very simple cases of adsorption where there is only one adsorbed 
component the adsorption isotherm is of the hyperbolic type given by 


@/(1—0) = Ap (1) 


‘ I. Langmuir, Science 84, 379 (1936). 

5 Three short papers [R. J. Meyers and W. D. Harkins, Nature 139, 368 (1937); J. S. Mit- 
chell, E. K. Rideal and J. H. Schulman, ibid. 139, 625 (1937); C. Robinson, ibid. 139, 626 (1937) 
have appeared recently on the effects of traces of metallic ions on air-water molecules. 

* J. H. Schulman and E. K. Rideal, Proc. Roy. Soc. (London) B 122, 29-57 (1937). 
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where @ is the fraction of the number of surface cells (elementary spaces) 
occupied by the adsorbed substance, p is osmotic pressure (strictly the fugacity) 
in the solution and A is a constant at a given temperature. This equation 
should hold rigorously only if (1) each cell can hold only one molecule, and 
(2) the molecules in separate cells exert no forces on one another. 

It can hardly be expected that this simple equation will hold in the cases 
we shall have to consider. The highly polar molecules of metallic stearates 
in adjacent cells almost certainly exert strong forces on one another. Further- 
more, each adsorbed barium atom presumably can combine with two stearic 
acid molecules. 

A theory previously proposed’ showed that in some cases in which each 
adsorbed molecule dissociates upon adsorption and so occupies more than one 
cell, the adsorption isotherm should be given by 


6/(1—6) = Ap" (2) 


where n is } (or 4) if two (or if three) cells are occupied. 

One of us (L.) recently has worked out a theory of adsorption (unpublished) 
where each molecule without dissociation prevents adsorption in several 
adjacent cells because of its large size. This has led to a complicated expres- 
sion for the adsorption isotherm which over a wide range is well represented 
by the equation 

@/(1—9y" = Ap (3) 
where » = 2.5 or sometimes even higher values. 

If we knew the equation of state of the monolayer, i.e. the complete F-a 
curve and its dependence upon the presence of metallic constituents, we could 
theoretically obtain the adsorption isotherm by an integration of Gibbs’ 
equation. However, if more than one component must be considered, Gibbs’ 
equation gives a set of partial differential equations whose solution is very 
difficult and which involves not only integration constants but arbitrary func- 
tions. So an approach from this direction seems hopeless at present. 

Without more detailed knowledge of the forces between adsorbed molecules 
than we now possess we therefore cannot derive an exact adsorption isotherm. 
It is best therefore to adopt a flexible empirical equation which will incor- 
porate the following features: (1) It should reduce to Eqs. (1) and (2) in special 
cases. (2) It should possess characteristics suggested by the law of mass action. 
(3) It should show that as the concentration of any component in solution 
is raised indefinitely the content of that component in the adsorbed layer slowly 
approaches a limiting value (saturation). 

The following empirical equation for a single component system satisfies 
these requirements 

@/(1—0)" = Ap (4) 


7 I, Langmuir, ¥. Am. Chem. Soc. 40, 1373 (1918). 
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where n, m, and A are empirical constants. For cases of several components 
whose covering fractions are @,, @,, etc., the equation may be generalized into 


6,/(1— 9i— 8,...)" = Ap 5 
8,/(1— O,— 9,...)"* = Asp™, etc. (5) 

If we take a metallic element M which can react with stearic acid HSt to 
form an insoluble stearate MSt,, the reaction between the ions of the sub- 
stance and the stearic acid is 

M+ -++HSt+»0H- = MStv+»H,O 
where v is the valence of the cation. Thus, according to the law of mass action, 
the presence of the hydroxyl ion is at least as important as the presence of the 
metallic ion. 

For the present, let us make the simplifying assumption 2, = m, = 1. 
For the case of the adsorption of barium salts p should be proportional to the 
activity of barium hydroxide so that Eq. (5) becomes’ 

6/(1—®) = A([Ba**+][OH}*)" (6) 

Empirically for the adsorption of barium by stearic acid monolayers from 

a 10-* M solution of barium carbonate we found? 


log» [0/(1— 9)] = —2.41 +-0.367 (pH) (7) 
The relation between pH and (OH-) is given by 
logio (OH) = (pH)—14 (8) 


Taking the logarithm of Eq. (6) and combining with Eq. (8) the equation 
takes the same form as Eq. (7) if the barium concentration is constant. This 
comparison gives m = 0.184 and enables us to take into account a change in 
barium concentration 


logio {9/(1—9)} = —1.68 +0.184 log ,, [Batt] +0.367 (pH) (9) 


For a barium solution at 10-* M this agrees with Eq. (7). 

Where we have two kinds of cations, one of them being a monovalent cation 
M,*, and the other a divalent ion M,++, we should then be able write two 
equations 

log {9,/(1— 6, — 6,)} = C, +m, log [M,*] +m, (pH) (10) 

log {6,/(1— 0,— 6,)} = C,-+m, log [M,**] + 2m, (pH) 
where C,, C,, m, and m, are constants characteristic of the cations. Thus ferric 
ions are strongly adsorbed by stearic acid monolayers at pH 2, and aluminum 
ions at pH 3 to 5, whereas barium is strongly adsorbed only at pH > 6 and 
sodium at pH > 8. These equations afford a simple explanation of the antag- 
onistic action between certain ions. For example, it is known that if the 
calcium content in sea water and the potassium content are increased in the 


° I. Langmuir and V. J. Shaefer, ibid. 58, 284 (1936). 
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same ratio, marine organisms suffer-much less disturbance than if the concen- 
tration of either ion alone is changed. A series of experiments which C. N. Moore 
and one of us have carried out with the effect of salts on adsorbed films of 
stearic acid at the interface between oil and water* has shown clear evidence of 
this antagonistic action. If, at pH 7, the calcium content is increased until 
the interface becomes perceptibly solid, it becomes liquid if we add sodium 
chloride, and more calcium has to be added to make the film rigid again. 

The relative amounts of adsorption of different ions depend mainly on the 
values of C, and C, in Eqs. (10). Let us assume then that C, is much greater 
than C,. Then if we have equal concentrations of two elements, M, will be much 
more strongly adsorbed than M, and at high pH the surface is practically 
saturated with M,. However, by adding a sufficient concentration of M, the 
M,, adsorbed on the surface can be-replaced by M,. In rough experiments 
both with stearic acid films at the interface between water and oil and with 
stearic acid monolayers on the water surface we have found m, = 0.20 = 0.02 
for both copper and barium, and the coefficient of the (pH) term for these 
elements is about 2m,. 


Apparatus Used in Experiments 


The experiments which will be described in this paper can, for the most part, be carried out 
with the very simplest of apparatus involving the use only of one or two troughs, some barriers, 
chromium-plated slides on which to build up films and a Polaroid screen with which to observe 
the interference colors given by the built-up films. 

1. Troughs.—For the studies of the properties of monolayers on water we usually use a trough 
30 cm long, 10 cm wide and 1 cm deep. For producing built-up films having many layers 
we employ a trough about 120 cm long, 40 cm wide, and 1 cm deep, containing a well at the 
head end of the trough 9 cm deep. 2 

Several years ago we used troughs of brass but found troublesome effects due to conta- 
mination of the water by copper and zinc ions. Later we coated the troughs with paraffin. 
More recent work has shown that this does not wholly avoid contamination due to copper and 
zinc. In some cases, we have used a brass trough but to avoid contamination have placed 
molten paraffin in the bottom, set strips of chromium plated brass or glass (a little wider than 
the depth of the trough) against the side walls and then have covered the bottom of the trough 
and well with sheets of glass made to fit against the strips that form the edges. Aluminum either 
for troughs or barriers is liable to be extremely troublesome, for the most minute traces of 
aluminum have great effects upon stearic acid films. 

We have obtained good results with brass troughs covered with several coats of bakelite 
which are baked on. The bakelite is then scraped off the edges that support the barriers. 

A very satisfactory type of trough and one which is constructed easily is made from plate 
glass about 1 cm thick. A single rectangular piece is used to serve as the base of the trough, 
and four strips 1 cm or more wide are fitted (flat side down) to form the outer walls of the trough. 
Only one side of each strip need be straight. These strips are cemented into position by means 
of paraffin and all excess paraffin is scraped away from the inside of the tray. We find it advan- 
tageous to bevel off the outer edge of the glass strips so as to leave a bearing surface for 
the barriers not more than 3 mm wide. 

We have also used a trough heavily electroplated with 24-carat gold. This did not prove 
to be wholly satisfactory, for in the course of a few weeks traces of pitting began to appear. 
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After water had stood in this trough for fifteen minutes some of the characteristics of the stearic 
acid monolayer (crumple pattern) became altered in a manner different from that which was 
observed with any other element except silver. The addition of a minute amount of gold chloride 
to. the water produced a similar effect. It thus appears that enough gold dissolves in water in 
fifteen minutes to modify the properties of monolayers. 

We have had this trough replated with gold and electroplated with two layers of rhodium. 
This plating is not satisfactory. If a stearic acid monolayer is spread on water from a quartz 
still in this trough, the surface viscosity at pH 5.8 of the monolayer at F = 15 dynes/cm in- 
creases 10-fold within ten minutes and 1000-fold in thirty minutes. 

We have also had good results from a nickel-plated brass trough which was subsequently 
plated with chromium. Such troughs, however, should not be used at low values of pH. 

McBain, Adam and others have reported slow changes in monolayers when they remained 
for a long time on water in a trough and have recommended waiting for the completion of 
these changes before taking measurements. Our experience has been that such changes are 
indications of contamination of the water by materials from the trough. If a trough shows 
no evidence of such progressive changes during the course of experiments it may be presumed 
that contamination is not a disturbing factor. 

It is frequently useful to distinguish between the two ends of a trough. We select one end, 
which we call the‘‘head”’ of the trough, for most of the studies of the properties of monolayers. 
‘The opposite end we shall call the ‘“‘piston end,” for a movable barrier or ‘‘piston oil’’ is used 
there to exert a definite pressure upon the monolayer. 

2. Barriers.—As barriers we prefer rectangular pieces of brass which are chromium plated. 
For use in acid solutions glass is more satisfactory. 

Our experience in the use of paraffin as a substance with which to coat the barriers and 
the edges of the trough in order to make them non-wettable has been somewhat unsatisfactory. 
All samples of paraffin, even when heated with fuller’s earth, give off traces of contamination 
on the water surface, such as can be detected by progressive changes in the contact angle shown 
by a drop of Petrolatum placed on the water. In place of paraffin we use ferric stearate which 
has a melting point about 98°. This is applied to the edges of the trough which are heated 
above the melting point of the stearate. Then as the stearate begins to solidify it should be rubbed 
vigorously with a clean towel until nearly cold. This rubbing removes all but one monolayer 
which is very difficult to remove without an abrasive. This monolayer is both hydrophobic 
and oleophobic.?° A surface prepared in this way always can be cleaned by merely rubbing 
it with a cloth even when it has been contaminated by oleic acid. It sheds no appreciable amount 
of impurtity upon the surface of the water. 

3. Floatinb Barriers.—To render visible the motion of a monolayer or to separate two 
monolayers which are at the same pressure we place on the surface of the water a floating 
barrier. In many cases this may be merely a narrow strip of paper having a length nearly equal 
to the width of the trough. Thus before spreading benzene upon the water we place such 
a barrier on the water surface about 2.5 cm from the head of the trough and then apply the 
benzene drops between the barrier and the head end. The. spreading monolayer pushes the paper 
strip along the trough, so that one can see how many drops are needed to cover the whole 
surface, 

In other cases we use a silk thread as a floating barrier. This thread is waxed by soaking 
in a hot benzene solution of ferric stearate to make it non-wettable by water. The two ends 


® Ferric stearate is easily made by adding a slight excess of ferric chloride solution to a mod- 
erately strong aqueous solution of sodium stearate heated to about 70°. The heavy precipitate is 
filtered off into a cheesecloth bag and the water is wrung out of it. After washing a few times 
with distilled water it is dried, melted, and cast into sticks. 

10 We shall use the terms oleophobic and oleophilic to express general behavior of a surface 
toward oil-like substances such as petrolatum, hexadecane, etc 


24 Langmuir Memorial Velume IX 
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are tied to glass hairpins which are fastened to opposite points on the sides of the trough near 
the middle. The thread is placed toward the head and the drops of the benzene solution are 
applied between the thread and the head of the trough. 

A floating barrier consisting of a circular disk of paper (made waterproof by a dilute ben- 
zene solution of ferric stearate) of a diameter only a few mm less than the width of the trough 
is particularly useful for measuring accurately the area of a liquid monolayer that is consumed 
in building up multilayers. 

With monolayers which are elastic solids, such as those of protein, it is advisable to use 
a floating barrier in the form of an equilateral triangle with an apex pointing toward the head 
of the trough, the side of the triangle being nearly equal to the width of the trough. This design 
tends to force the protein monolayer against the sides of the trough and prevents leakage of piston 
oil past the barrier. . 

When a monolayer is to be kept for any great length of time on the surface of the water 
it should be covered by a plate of glass a few mm above the water surface to protect it from 
dust. This glass plate extends to within about 5 cm of the head end of the trough. If the 
monolayer is under pressure a fresh surface can always be brought out from under the glass 
by dipping a plate a few times at the head of the trough into the water. 

4. Indicator Oil.—Instead of using talc, sulfur or floating barriers of paper to render visible 
the boundaries of a monolayer, we find it convenient to use an “indicator oil.’”4 This is a duplex 
film of a hydrocarbon oil (with underlying adsorbed monolayer) of a thickness comparable with 
a wave length of light, so that it shows interference colors. Most spreadable substances (such 
as stearic acid) dissolved in Petrolatum give duplex films which are only metastable and soon 
break up into fine droplets. The hydrophilic substance which makes the most stable duplex 
films we have found is that obtained by the oxidation of petroleum oils such as those used 
in automobiles. We make up our indicator oil as follows. 

Some petroleum lubricating oils is heated on a hot-plate for a few hours to a temperature 
at which it smokes. A sufficient amount of this oxidized oil is added to pure petrolatum to 
make the mixture spread out to a thin film which shows a first-order interference color (say 
an orange-yellow) when a small drop is placed on a clean water surface. 

The color of this duplex film can be made to pass through the whole series of interference 
colors by subjecting it to increasing pressures F. A calibration of these colors against F, by 
means of a surface balance, thus gives a convenient method of applying any given small pressure 
F, up to about 10 dynes/cm. 

Indicator oil may be applied as a minute drop from the end of a platinum wire to detect 
leakage of piston oil past a floating barier. 

We shall have occasion to describe other applications of indicator oil in our discussion of the 


properties of monolayers. 
5. Piston Oil.—In studying the properties of monolayers on water or in depositing them 


upon solid plates it is important to subject them to a definite surface pressure F. Pressure 
can be exerted by a movement of a barrier at the piston end of the trough and the pressure measured 
by a surface balance. For many purposes the surface balance can be dispensed with by using 
a “piston oil,” that is, an oil which serves the function of a two-dimensional piston by which 
a constant pressure can be applied. The oleic acid used as a piston oil was purified by being 
warmed with fuller’s earth and centrifuged, and gave a pressure of 29.5 dynes/cm at 25°. 
Triolein gave about 15 dynes and castor oil about the same. However, different samples of 
castor oil gave somewhat different values. We found that tricresyl phosphate gave 9 dynes. 
When it was desired to apply low surface pressures, the use of a calibrated indicator oil 
was very convenient. Thus an oil which we have been using gave a first-order yellow-red at 
F = 0, first-order blue at F = 1.4, second-order yellow at F = 4, second-order blue at F = 5.2, 
and third-order red at F = 7.0. 


1K, B. Blodgett ¥. Optical Soc. Am. 24, 313 (1934). 
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Since a piston oil, which consists of a pure substance, maintains a constant pressure on 
the monolayer of stearate during the building-up of multilayers of stearate on a plate it is 
more convenient to use piston oil than a surface balance with a movable barrier which would 
have to be continually adjusted after each monolayer is deposited. However, in order to be 
able to maintain constant pressures having any desired value and to avoid difficulties that some- 
times arise from leakage of piston oil past floating barriers we have recently constructed a trough 
having a motor-driven barrier at one end and a surface balance at the other. An electric contact 
is operated by the surface balance, so that when the pressure rises above the predetermined 
value the motion of the barrier stops. 

6. Surface Balances.—Most of the studies of monolayers and multilayers in this paper 
have been made without the need of a surface balance. The few measurements of F-a curves 
that we have taken have been made with a simple balance of the type described in a former 
paper’ modified by using sapphire bearings from a standard watt-hour meter instead of knife 
edges, and a chainometric device to regulate the applied force. Leakage of the monofilm past 
the ends of the movable barrier was prevented by a thin rubber membrane stiffened in a vertical 
direction by linear reinforcements. This membrane was made by applying latex to a metal 
plate having fine parallel grooves cut in it; and it was then vulcanized. A simple and effective 
arrangement for pressures up to 10 dynes cm~! is to allow the movable barrier of the surface 
balance to pass againts a silk thread attached, with a little slack, to opposite sides of the 
trough. 

A surface balance having quite sufficient accuracy for most purposes can be constructed 
in a few hours from fine drawn-out glass tubing, sealing wax and materials obtainable at a 5-and- 
10 cent store. 

7. Stirring Rod for Trough.—In many of our experiments we have used such low concentra- 
tions of salts (< 10-* M) that the amount of solute needed to form a single layer of adatoms 
on the surface monolayer is a large fraction of that contained in the whole solution. Thus 
the film can become saturated only after the adsorbable ions have diffused through relatively 
large distances — a very slow process with diffusion coefficients of the order of 10-* cm sec™1 
such as those in aqueous solutions. 

Another factor that increases the difficulty is that convection currents in a liquid are 
greatly reduced by the presence of a monolayer on the surface. 

We have been able greatly to accelerate the arrival of adsorbable substances at the surface 
by stirring the solution under the monolayer. For this purpose, in a trough 1 cm deep, we 
use a quartz rod, 8 mm in diameter which extends lengthwise through the trough 1 mm below 
the water surface. The ends of the rod are bent at two right angles so that they extend out of 
the water and are supported on two rails at the ends of the trough. The monolayer is confined 
to the central part of the trough by barriers. Thus by sweeping the rod slowly across the 
trough, twenty times per minute, all the liquid is brought repeatedly into close proximity 
with the surface without disrupting the monolayer. 

8. Plates for Deposition of Multilayers.— The thickness of monolayers and many other 
of their properties may be determined by depositing them on plates covered with multilayers 
having a total optical thickness of a little less than a quarter wave length of light of some 
chosen color.*-1%.4* For most purposes we have used plates of highly polished chromium-plated 
bars 1” = 3” (2.5= 7.5 cm) in size. For the deposition of 100 layers or less it is entirely satis- 
factory to raise and lower the plate through the monolayer by hand, but for building serveral 
hundred layers a simple manually operated device already described* is more satisfactory. 
We have tried several motor-driven devices of this sort, but have found no advantage over 
manual operation. 


18 TI. Langmuir, V. J. Schaefer and D. Wrinch, Science 85, 76 (1937). 
3K. B. Blodgett, 7. Phys. Chem. 41, 975 (1937). 
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With the small trough, 10 = 30 cm we often use strips of chromium-plated metal!‘ about 
1 cm wide and 4 cm long. By hand operation it takes only about forty seconds to build up 
50 layers of barium stearate covering an area 1 x 1 cm. 

For accurate measurement of the thickness of single monolayers within 1.5 A it is important 
that the underlying chromium surface be very uniform in optical properties. Thus an invisible 
film of oxide or other adsorbed film on the surface must not vary more than 1 A in thickness 
over the surface if measurements of the thickness of single monolayers are to be made with this 
accuracy. 

To obtain a plate which is uniform within 1 or 2 A the chromium surface should be polished 
with rouge and then cleaned by rubbing on a flat surface covered with a wet cloth to which 
a high grade metallographic polishing powder such as Shamva has been added. This mild 
abrasive must then be removed carefully by swabbing the plate with cotton under water 
in a dish from which a constant stream of water is allowed to overflow. It is then dipped 
while still wet into water in‘a trough covered by a monolayer such as stearic acid under pressure. 
When it is raised slowly out through this water surface a B-monolayer is deposited which we 
shall call the initial monolayer. 

For work in which it is unnecessary to determine film thicknesses within about 8 A, plates 
may be used which, after having been covered by multilayers, are merely rubbed vigorously 
with a clean towel. This leaves on the surface one monolayer which is hydrophobic and oleo- 
phobic and is an admirable initial layer for the reception of multilayers. This initial layer, 
however, is not quite so uniform in thickness as that obtained by deposition after cleaning 
with Shamva. An initial layer consisting of a rubbed-down layer of ferric stearate is also satis- 
factory where the highest accuracy is not necessary. 

A sensitive indication of the uniformity of an initial layer may be obtained by cooling the 
back of the plate with running water and breathing on the front side so as to form a fog-like 

_ deposit of minute water drops. Lack of uniformity is made apparent by this “breath figure.” 

When multilayers are deposited on a small plate, the monofilm on the water must flow 
in converging lines toward the plate. This is only possible when the film is sufficiently fluid 
Monolayers which are elastic or even brittle solids can often be deposited if the plate is made 
to extend across the entire width of the trough and the monolayer is cut loose from the sides 
of the trough by passing a wire along these sides. 

For accurate comparison of the area of a monolayer on water with that of the monolayer 
after deposition on a plate, it is desirable to deposit the monolayer on a cylinder 2 or 3 cm 
in diameter with vertical axis. In this way a more uniform deposition on the front and back 
sides of the plates is obtained. 


Apparatus for Measuring Contact Angles 


After having constructed somewhat complex apparatus for measuring within 0.5? the contact 
angle between a plate and a drop of liquid placed on it, we have adopted the following very 
simple device which gives results sufficiently accurate for all ordinary purposes (about 1°). 
The mirror is removed from an ordinary focusing-type pocket flashlight so as to provide 
a point source of light. A piece of carboard having a slit 5 mm wide and 9 cm long is attached 
to the side of tie flashlight so that the line of the slit is perpendicular to the axis of the 
flashlight and lies in a plane which passes through the point source of light. A disk of wood 
10 cm in diameter and 2 cm thick is cut in half and one of these halves, in a vertical plane, 
is mounted on a horizontal piece of wood which serves as a table to support the plate on 
which the drop of liquid is placed. The plate is adjusted so that the near edge of the drop 


14 At 5-and-10 cent stores, plates for electric wall switches are obtainable which consist 
of chromium-plated steel having a nearly optically plane surface. Many satisfactory “plates” 
can be sawed out of each. 
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lies in the axis of the wooden disk. The edge of the disk has graduations giving angles from 
0° at the top to 90° in the plane of the table. 

To measure a contact angle, it is then only necessary to hold the flashlight at the side of 
the head so that through the slit one can observe the drop on the plate with both eyes. At suffi- 
ciently small angles of incidence a starlike point of light is seen in the drop which is the reflec- 
tion of the flashlight lamp from the top surface. By gradually increasing the angle it is found 
that there is a critical angle at which this star of light disappears. A pointer attached to the 
graduated scale is moved until it is in the line of sight from the eyes to the edge of the drop 
The scale reading then gives the contact angle B of the drop against the plate. 

The work of adhesion W, (in ergs cm~*) between the liquid and the mono- 
layer on the plate is : 

W, = (1+ cosB) (11) 


where y is the surface tension (dynes cm-') of the liquid. When water is used 
care must be taken to determine whether the water surface is contaminated 
by a complete monolayer from the plate, which might lower y. The presence 
of a monolayer can be detected by observing the spreading of a minute amount 
of indicator oil brought into contact with the drop. 

The advancing and receding contact angles are measured by mounting the 
table with a semicircular disk upon a board that can be tilted through any 
desired angle. These are obtained from measurements of contact angles at 
the near and far edges of the drop when the tilt of the board is increased to the 
point where the drop moves gradually over the surface. 

By replacing the plate by a trough of water covered by a monolayer, on which 
there is a floating drop of oil, we may measure the two angles A, and A, which 
these surface make with the horizontal plane at the line of contact between the 
free surfaces of the two liquids. Let B® be the algebraic difference of these 
angles; that is, B, is the angle between the normals to the two free surfaces 
at their line of contact. Then we have Eq. (30).1® 


Vie = Yi+73—2y172 cos Bs (12) 


where y, is the surface tension of the water as modified by the monolayer; 
ie, ¥1 = Yy—F, y, being the value for clean water; y, is the surface 
tension of the free surface of the oil drop, and y,, is the interfacial surface 
tension between the oil and the water (modified also by the adsorbed inter- 
facial monolayer). The work of adhesion W, between the oil and the water 
(covered by the monolayer) is'® 


W,=ntr-n2 (13) 


By substituting the value of y,, from Eq. (12) into Eq. (13) W, can be calcu- 
lated from experimental data giving Bs. The values of W, and W, determined 
by these methods for various liquids placed upon monolayers on water and no 


%* J. Langmuir, ¥. Chem. Phys. 1, 756-776 (1933). 
16 See ref. (1), Eq. (10) and discussion on p. 157. 2 


Google 


374 The Effect of Dissolved Salts on Insoluble Monolayers 


solids should give valuable information regarding the presence of polar groups 
in molecules of monolayers and the manner in which these are able to respond 
to the attractive forces exerted upon them by solid or liquid substrates. 


Solutions Used as Substrates 


Many of the properties of stearic acid monolayers are greatly affected by 
the pH of the solution. Because of the effect of salts of alkali metals in modi- 
fying the action of divalent cations it is undesirable in most cases to use 
ordinary buffer solutions. In unbuffered alkaline solutions the absorption 
of carbon dioxide from the air may lower the pH of the surface of the solution 
so as to alter the properties of the monolayer even when tests of the pH of 
the solution show no change. With higher concentrations of salts of metals 
which form difficultly soluble carbonates the absorption of carbon dioxide 
in alkaline solutions may cause the precipitation of carbonate in or under 
the monolayer. 

By enclosing the trough containing the solution in a box in which carbon 
dioxide is eliminated or controlled, both these disturbing effects can be avoided; 
but as the flexibility of the experimental arrangement is thereby greatly de- 
creased, we have preferred to work in free air and to choose conditions which 
will avoid errors due to carbon dioxide. 

For example, by using concentrations of calcium or barium salts less than 
10 4 M, we do not obtain precipitation of carbonates even at pH 9. Dis- 
tilled water in equilibrium with air gives pH 5.8. 

To obtain higher values of pH we use solutions of the following compositions 
which we have found to be stable for many hours (or even days) in contact 
with the atmosphere. 


Concn. of 
pH KHCO,, M 
6.8 2x10-* 
71 4x10-4 
78 2x10-3 
8.2 3 x10-8 
8.5 1 x10-°*M K,CO, 


9.0 3 x10-3 10+ M KOH +10-* M NH,OH 


For values higher than pH 9 we use ammonium hydroxide and chloride 
or simply potassium hydroxide. Slight adjustments are sometimes needed 
after the addition of salts, but in most cases the concentration of added salts 
was too small to have an appreciable effect on the pH. We have usually deter- 
mined pH by La Motte indicators, sometimes with a glass electrode. 

For pH < 5.5 we have used unbuffered solutions of hydrochloric acid. 
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Distilled Water 


The impurities present in distilled water from ordinary sources are sufficient to modify 
the properties of stearic acid films if pH = 5. 

As a source of water from which to redistil the water for our experiments we use the output 
of a large still (6 liters per hour) in which the Schenectady city water is boiled by contact 
with a steam-heated coil. Although the specific resistance of this water is over 10° ohm cm, the 
viscosity tests and skim tests which we shall describe show that this water contains copper 
in a concentration of about 2 x 10-* M, probably derived from some tin lined copper tubing 
through which the output of the still passes. 


This water is then redistilled from a Pyrex glass vessel into a quartz tube condenser and 
collected in a Pyrex glass container (or sometimes in a 1-liter quartz flask). The specific re- 
sistance is again about 10 ohm cm. 

We have also made tests of water condensed in tubes of pure copper, silver and platinum: 


Rate of Diffusion of Ions to the Monolayer 


In most of our experiments we have used concentrations of salts of 10-* 
M and in some cases have varied the concentration between 10-* and 10-* M. 

At the lowest concentrations the total amount of solute is insufficient to 
saturate the monolayer and even at much higher concentrations the diffusion 
of solute to the monolayer is a relatively slow process unless the solution 
under the monolayer is stirred. 

Consider a solution on which a monolayer is spread at time t = 0 and 
assume that every solute molecule that diffuses to the monolayer is adsorbed 
upon it. After the time ¢ the number of molecules per sq. cm, 0, which become 
adsorbed is given by 


o = 2n(Dt/n)¥2 (14) 
where D is the diffusion coefficient and 2 is the original concentration of the 
solute (molecules per cc.). This equation is derived on the assumption that 
there are no convection currents in the liquid and that it is of infinite depth, 

The diffusion coefficient D for most salts in water is of the order of 5 x10~* 


cm? sec-}. For large organic molecules an estimate of D may be made from 
the empirical equation of Thoverts? 


D =8 x10-7/nM"? | (15) 


where 7 is the viscosity of water and M is the molecular weight (O = 16) 
of the solute. Or the theoretical equation of Einstein * 


D =kT/32n6 (16) 


may be used, where 4 is the diameter of the molecule which is assumed to be 
spher ical. 


17 Thoverts, Ann. Phys. 2, 369 (1914). 
1° A. Einstein, Z. Elektrochem. 14, 235 (1908). 
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If we take D = 5 x10-* cm? sec“! and express the concentration (c) in moles 
per liter equation (14) becomes 


o = 1.5 x10" ct1/? (17) 


A condensed monolayer of stearic acid contains 5 x10 molecules cm-*. 
Let y be the number of stearic acid molecules per adsorbed ion of solute in 
a saturated film (about 12 for aluminum). Then @ the fractional degree of 
saturation of the film is 


0 = 3x10" yct/, (18) 


The time ¢, required for diffusion of a quantity sufficient for a saturated 
monolayer thus varies in inverse proportion to ¢. With y = 12, t, is only 
0.08 sec at c = 10-‘ M, but increases to eight sec at 10-°; thirteen minutes 
at 10-* M and to eighty-nine days at 10-* M. 

Actually we find, even without stirring, that the action of a dissolved salt 
is rapid at 10-* M but very slow at 10-7 M. Evidently convection currents 
produced by the spreading of the monolayer and thermal convection from 
slight temperature inequalities are very important factors in carrying solute 
to the surface. 

Stirring the substrate solution gives the effect of a film of quiescent liquid 
of thickness / under the monolayer with an underlying solution of uniform 
concentration. When the solution is so concentrated that it is not appreciably 
depleted by the adsorption of a complete layer of ions on the monolayer we 
have 


o = nDt/l (19) 


The following theory enables us to determine the number of ions adsorbed 
by stearic acid monolayers from data given by simple experiments in which 
successive films are skimmed off. 

Consider a solution of concentration m) (molecules per cc.), in a trough 
of depth L, on which we spread a monolayer. A saturated film of adsorbed 
solute molecules will require o,/y molecules per sq. cm, where oy is the number 
of stearic acid molecules per sq. cm, and this will lower the concentration 
of the solute by an amount o,/yL. 

Let us now skim off the monolayer, apply a second monolayer, stir the 
solution under the monolayer for a time t, and skim off the second layer. 
In this way we remove a total of N, monolayers before we find, by any test 
that we may apply, that the solute molecules can no longer be detected in 
the monolayers (or in the skims). 

If no is sufficiently great the first N, monolayers will be saturated with 
solute. From Eq. (19) we see that the concentration m, below which the mono- 
layers are no longer saturated is given by 


= lo,/yDt, (20) 
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When n <n, the concentration decreases according to 


dn/dN = —nDt,/Ll (21) 
Thus when n, < 2, the relation of Nz to m is 
N, = (LI/Dt,) In (19/ns) (22) 


where n, is the least concentration which gives a positive test for the adsorbed 
atoms. 
When n, > 7, 
Na = (yL/00) (to—11) +(L1/Dt,) In (4/13) (23) 
Thus a curve of m, as a function of N, gives an upper straight part of slope 
o,/yL and a lower part which gives a straight line if plotted on semi-log paper 
of slope d In ,/dN, = Dt,/Ll 


7 VY 
¥ rg 
6 lo. 15 20 


t) 


Ny, number of skims. 
Fic. 1. Adsorption of dissolved aluminum by stearic acid monolayers: C, is 
concen. of AlCI,6H,O in moles per liter; Ng, is number of films skimmed to 
remove aluminum to recognizable end-point; capacity of trough, 350 cc.; surface 
area, 300 sq, cm. 


Concn. Cy, mole per liter 


Figure 1 gives the results of experiments with dilute solutions of aluminum 
chloride added to water at pH 5.8 in a trough 1 cm deep. After each application 
of a stearic acid monolayer the solution was stirred by sweeping the quartz 
rod twenty times across the trough in one minute. The presence of aluminum 
in the film was detected by the modification in the crumple pattern and the 
crystallized monoskim which will be described later. The curve drawn in 
Fig. 1 is the theoretical line calculated by taking D/l = 0.0038 cm sec", 
t, = 60, L=1, 4 = 5 x10", y = 12.4. 

The saturated film thus has only one aluminum atom for every twelve 
stearic acid molecules. If we take D = 5 x10-* we obtain J = 0.013 cm, which 
indicates that this method of stirring is very effective on bringing the solution 
into close proximity to the monolayer. 
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The concentration c, which corresponds to the sensitivity of the crumple 
pattern test under the conditions of these experiments is 4 x 10-* M and the 
concentration of aluminum in the film calculated by Eq. (19) is 5.5 x10 
atoms cm-, or only one atom of aluminum for every 90 of stearic acid. 

In subsequent experiments it was found that by stirring sixty times (three 
minutes) a concn. 2 x10-* M gave a recongnizable amount of aluminum in 
the monolayer. With more effective stirring it should thus be possible to detect 
aluminum by the crumple pattern test in a solution 10-* M in a trough 1 cm 
deep. 

We believe that nearly all other polyvalent cations at sufficiently high pH 
can be detected with equally great sensitivity by the alterations in the prop- 
erties of stearic acid films. 

We have not found effects characteristic of the anions ordinarily present 
in metallic salts, We have generally used chlorides, nitrates or acetates. 

We have, however, found that the substance known as sodium hexameta- 
phosphate or Calgon frequently has extremely great effects upon the properties 
of monolayers, particularly monolayers of stearates of divalent cations at 
high pH values. For example, at pH 9 a stearic acid film upon barium chloride 
10 M, is made extremely rigid by the adition of Calgon in a concentration, 
of 10-* M (Molecular weight 615). : 

Our interpretation of the effect of Calgon is as follows. It has been suggested 
by Dr. J. A. Wilson’® that Calgon is a polymetaphosphate (not necessarily 
six metaphosphate groups) consisting of long chains. The probable structure 
is thus 


Na Na 

Oo oO oO 
NaO P O PO———— OPO Na 

Oo oO oO 


with the general formula Na,O(NaPQ,),. 

Sodium atoms tend to form free ions, but an atom which leaves the molecule 
at a particular point gives a negative charge to an oxygen atom and so makes 
it more difficult for other sodium atoms to leave from neighboring positions. 
It is therefore probable that the two sodium atoms at the ends of the chain 
are the only ones that become ionized. The negative charges on the two ends 
of the molecule by their repulsive action tend to hold the molecule straight. 
If however, divalent ions such as Ba*+, are present in the solution, one of them 
would be attracted to one of the ends of the metaphosphate chain and would 
give it a net positive charge. This end of the molecule would tend therefore 
to attract the other negatively charged end so that the barium would close 
the link by forming a ring. The ring then would be uncharged so that one or 
two sodium atoms could leave it, leaving a net negative charge. The barium 


18 J. A. Wilson, Jr. ¥. Am. Leather Chem. Assoc. 32, No 3 (1937). 
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therefore now.appears in the negative ion. This structure gives a satisfactory 
explanation of the remarkable property of Calgon in forming soluble complex 
negative ions from polyvalent cations. The pyrophosphate (n = 2) has too 
short a chain to form such rings and thus cannot exhibit properties of this kind. 

This hypothesis also explains the action of Calgon in solidifying a barium 
stearate film. The replacement of sodium atoms in the metaphosphate chain 
by barium atoms adsorbed on the lower surface of the film gives powerful 
cross linkages between the molecules in the monolayer. This theory accounts 
for the fact that Calgon does not increase the rigidity of a stearic acid film 
when no barium is present or when more than enough Calgon is added to 
combine with the barium. 

Further evidence that Calgon can be adsorbed onto a monolayer by positive 
ions or radicals is given by the fact that monolayers of heptadecyl amine on 
acid water (10° N hydrochloric acid) are made solid by Calgon. 

Calgon is extremely useful in experiments with stearic acid monolayers 
on water when it is desired to remove disturbing traces of polyvalent cations 
originally present in distilled water, or coming from contamination by the 
trough. Thus the addition of 10-* M Calgon to water (pH 4—9) in a trough 
of glass or metal holds the surface viscosity of a stearic acid monolayer at a 
constant value for long periods of time, whereas without the Calgon slow 
or even rapid changes will occur. 

Potassium cyanide is another useful reagent to add in small quantity 10-° 
M to eliminate troublesome effects of traces of copper in distilled water. 


Spreading of Monolayers on Solutions 


Drops of a benzene solution of stearic acid (3 parts per 1000) placed upon 
water at pH < 6.0 move slowly over the surface and remain small in area, 
shedding the stearic acid film from their edges. There is, however, no percep- 
tible contact angle at these edges. 

With pH >7, the drops of the benzene solution spread to relatively large 
areas (4 to 7 cm diam.) and show marked interference fringes over a large 
part of their surface. The action is more vigorous and the spreading occurs 
much more rapidly than at lower pH. 

Up to about pH 8.2 this type of spreading is not changed by addition of 
10-4 M barium chloride. At pH > 8.4, with barium the spreading becomes 
much more rapid and the benzene solution breaks up into great numbers of 
small droplets, distributed irregularly over the surface. These have an only 
momentary existence but it can be seen that each shows a relatively large con- 
tact angle against the surrounding monolayer. Evidently, there is a change in the 
character of the monolayer beyond pH 8.4 by which it tends to be oleophobic. 

If more than enough of the benzene solution of the stearic acid is added 
than is needed to cover the surface of the monolayer, the drops suddenly stop 
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spreading and show a contact angle which depends greatly upon the composition 
of the underlying solution. This angle is much smaller on acid than on alkaline 
water and is particularly great when barium is present at pH 9.0. 

Organic substances may be used in the substrate which become adsorbed 
on the monolayer. We have long been familiar with the marked effects of 
tannic acid in the water in giving rigidity to many monolayers. Even a pure 
hydrocarbon oil has its interface made rigid by one part in a thousand of tannic 
acid, when calcium bicarbonate is present in the water. We have recently 
made studies of the adsorption of digitonin upon monolayers of cholesterol.*.24 


Properties of Monolayers on Solutions 


Many properties of monolayers are sensitive to dissolved substances and 
can be observed by simple means. 


1. Force-Area Curves (F-a) 

The area covered by a known weight of substance, spread as a monolayer, 
is measured at a series of different surface pressure F as given by a surface 
balance. Often great emphasis has been placed on the area per molecule (a) 
at F = 0 usually obtained from areas at higher values of F by linear extra- 
polation to F = 0. There seems to be no theoretical reason for attaching 
particular significance to a at F = 0. We have preferred to measure a at F = 15 
or F = 30. These values of a are more easily correlated with the structure 
of the molecule. 


2. Electric Potential Measurements 

This method has been used by many investigators for studying the changes 
in the condition of films when subjected to different pressures F. Schulman 
and Rideal* recently have studied the effect of dissolved organic substances, 
The method is a useful one which should throw much light on the nature 
of the adsorption of metallic ions. This method we have not used. 


3. Mechanicl Properties, Viscosity and Elasticity 

We find the two-dimensional viscosity of stearic acid monolayers to be 
particularly sensitive to traces of polyvalent cations. We have used three 
methods: 

a. Paper Strip Test.—'The viscosity of monolayers can be observed qualita- 
tively by placing a strip of paper upon the film and blowing gently upon one 
end of it. If the film is liquid the paper rotates freely. With a solid film the 
strip acts as though it were frozen into the surface. It is easy to recognize 
intermediate degrees of viscosity and elasticity by this simple method. 





30 TI, Langmuir and V. J. Schaefer, 7. Am. Chem. Soc. 59, 1406 (1937). 
"1 I, Langmuir, V. J. Schaefer and H. Sobotka, ibid. 59, 1751 (1937). 
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b. Indicator Oil Test.—A very convenient test and one which is capable 
of detecting small increases in viscosity is made as follows: A minute drop 
of indicator oil on the end of a wire is placed on the monolayer which is origi- 
nally under a pressure of 15 dynes/cm or more. Then the pressure is completely 
released by the movement of the barrier which confines the monolayer. With 
a liquid or slightly viscous monolayer the indicator oil spreads to form a circular 
disk. A highly viscous film will usually tear so as to make a starlike figure. 
With a rigid or brittle monolayer the pressure of the oil causes one or more 
hair-line cracks to radiate out from the oil drop to the sides of the tray and the 
oil flows into these cracks and widens them. 

In the case of fluid monolayers a sensitive measure of the viscosity can now 
be obtained (after releasing the pressure) by applying a second droplet of oil 
in the monolayer just a little distance outside the circular disk left by the first 
drop. If the monolayer has a viscosity equal to that of the indicator oil film 
the second drop will spread into a second circular disk deforming the first 
disk by pushing into it the thin strip of intervening monolayer. If, however, the 
monolayer is more viscous than the first oil disk, then the second disk will 
expand mostly into the first disk instead of causing the uniform expansion 
of the monolayer which surrounds it. 

A little experience with this simple test which can be made i in a few seconds 
enables one to distinghuish between a large number of degrees of viscosity or 
rigidity produced by increasing concentrations of salts in the substrate. 

An excellent test for elasticity of monolayers, such as those of proteins,” 
is made as follows. A wire, bent into the form of a 1-inch (2.5-cm) square, 
with a wire handle perpendicular to the plane of the square, is coated with 
a thin layer of indicator oil and is then lowered horizontally into the monolayer 
confined between barriers, so as to cut out a square. On releasing the pressure 
by a movement of the barrier the indicator oil expands to form a colored 
film. If the monolayer is a rigid solid, the square outlined by the oil retains 
its shape and size. If it is an elastic solid it remains square but increases in 
size when the pressure is decreased. With a liquid monolayer the square loses 
its shape and mixes with the oil if subjected to a slight air current. 

c. Absolute Viscosity and Elasticity Measure.—The coefficient of surface 
viscosity of a liquid monolayer may be defined by the equation 


F,= AB do/ dx (24) 


where F, is the shearing stress (dynes/cm) in the film produced by a velocity 
gradient dv/dx. 

The coefficient of surface elasticity E, (for shear) of an elastic solid mono- 
layer is similarly defined by 


F, = E, ds/dx (25) 


where E, is the deformation produced by the shearing stress F,. 
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These quantities 4, and E, can be measured by the motions of a platinum 
disk,** preferably about 2 cm in diameter which is suspended by a fine tungsten 
wire (0.03 to 0.06 mm diam.) from a torsion head mounted above the trough, 
so that the disk lies in the surface of the water. The torsion head is so arranged. 
that it can be turned quickly through any one of a series of fixed angles suck 
as 30, 90, 180°, etc., by means of a pointer moving between stops or pins 
inserted in holes in a plate. The floating disk is provided with a pointer or 
mirror and a scale for measuring angles, and has a pair of brackets which can 
hold a rod having a known moment of inertia. After the water surface around 
the disk has been cleaned, a monomolecular film is applied and is compressed 
to a given value of F. 

By turning the torsion head the disk can be made to oscillate and the damp- 
ing can be used to measure the viscosity of a liquid monolayer. With a disk 
of radius a, at the center of a circular area of film of radius 5, the torque trans- 
mitted throught the film is equal to 

gy = 2np,r?dw/dr (26) 
where w is the angular velocity of a ring of film of radius r. For films of suf- 
ficiently high viscosity we may neglect the frictional drag exerted on the 
film by the underlying layers of water so that » in Eq. (26) is independent 
of r. By integration we can thus calculate yu, in terms of the damping coefficient p 
(torque @ per unit of angular velocity, w,, of the disk): 


a, = Hp (27) 
where H is a constant of the apparatus given by 
H = (1/a*—1/b*)/4x (28) 


When p is small the disk oscillates with gradually decreasing swings. If 2 
is the natural logarithm of the ratio of successive swings, we have (for 4 < 1.2) 


p = (2/n)(MD)¥*A(1 +2%/10)-¥# (29) 


where M is the moment of inertia of the moving system and D is y/@, or the 
torque exerted by the wire per radian of angular displacement of the disk. 
If p is large compared to the value for critical damping 2(MD)?, then 


p = D/(dIn 9,/dt) (30) 


where @Q, is the angular displacement of the disk during relaxation. 
When the monolayer is an elastic solid E, is given by 


E, = DH(@,/@>—1) (31) 


where @,, and @, are, respectively, the angular displacements of the torsion 
head and the disk. 


% In a recent note [R. J. Myers and W. D. Harkins, ¥. Chem. Phys. 5, 601 (1937)] two 
other types of apparatus have been described for measuring the viscosities of monolayers. 
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In experiments to measure p, and E, for monolayers by these methods 
we have used a disk 1 inch (2.5 cm) in diameter (2 = 1.27 cm) in a rectangular 
tray 10 cm wide. We see from Eq. (25) that H depends very little on b 
if b is large compared to a. Therefore it should make very little difference if 
we replace a circular tray by a rectangular one. We assume 6 = 6 cm as an 
effective radius of the tray and thus get H = 0.047. 

With this apparatus we first determine T,, the (complete) period of oscil- 
lation of the disk in air and measure also 4, with a known value of M. We then 
calculate D by 


T = 2x(M/D)"* (32) 
and pp by Eq. (29). 
Similar measurements with the same suspension wire are made with the 
disk on a clean water surface determining Ty and Ay. 
The values of M calculated from D and T, by Eq. (32) are greater than 
those found for the disk in air because of the water under the disk carried 


along with it by friction. If we assume that a layer of water of thickness h is 
carried with the disk, the increment in M due to this cause is equal to 


My = 2/2 phya* = 1.57 hyatg cmt (33) 


Using a disk 1 inch (2.5 cm) in diameter (a = 1.27 cm) with a mounting 
giving an oscillation period of six and one-half seconds, we find by experiments 
with a trough containing water with no monolayer M, = 0.19 when the water 
is 0.2 cm deep and 0.26 for depths between 0.5 and 1.0 cm. The corresponding 
values of h,, calculated by Eq. (33), are 0.047 and 0.065 cm. Since My prob- 
ably also depends slightly on T and A, it is desirable when using the oscillation 
method to load the disk with a rod having a sufficient moment of inertia to 
make M large compared to My. 

From Ay and M+My we then calculate p, by Eq. (29). Part of this, po, 
is due to air friction, etc., so that py—p» is the damping coefficient due to the 
water. Calculation shows that for laminar flow between two disks separated 
by a distance f,, small compared to their radius, we should have 


Pw—Po = (x/2)uwat/h, (34) 


where py is the viscosity of water. 

Our experiments with the one-inch (2.5-cm) disk have given py = 0.089 
for the damping coefficient in air and p, = 0.435 (g cm? sec) on clean water 
with depths ranging from 0.2 to 1.0 cm. By Eq. (34), putting u, = 0.010 
at 20°, we find h, = 0.11 cm. This small value of 4, compared to the depth 
of the water is probably the result of centrifugal force which produces an 
outward flow of the rotating layers of water under the disk drawing up under- 
lying non-rotating liquid along the axis. 
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The frictional damping coefficient py is equivalent to an apparent surface 
viscosity of 0.021 (g sec!) which we have substracted from values of u, given 
by Eq. (27) from experimental data for p with monolayers. Increasing M also 
makes it possible to extend the range of values of p that can be measured by 
the oscillation method. 

Table I gives a summary of data on the absolute viscosities of a few of the 
monolayers measured. Other data will follow in a subsequent paper. 


4. Crumple Patterns 

If a monolayer on a water surface is crushed slowly between two barriers 
while being observed by the naked eye using strong transverse illumination 
(the bottom of the troungh should be black), certain patterns of lines or fine 
points are seen which are highly characteristic of certain salts dissolved in the 
water. 

For example, with a monofilm of stearic acid on pure water (pH 5.8) fine 
lines appear on the monofilm when the area of a condensed film (F = 30) 
is decreased 10%. If the movement of the barriers is stopped, these lines 
disappear, but reappear when the barriers are again set in motion. When the 
monolayer is reduced to about half its original area, the whole surface has 
a fine-grained, star-like but nearly uniform or isotropic appearance. On further 
compression, the light scattered from the surface increases steadily in intensity 
until finally a white scum of folded layers of monofilm is formed, which can 
be skimmed off onto a narrow glass slide. 

If the same experiment is repeated after having added ammonia to pH 9, 
the crumple pattern does not appear until the area has been reduced 60% or 
more. The skim then scatters much less light than before. 

Very minute traces of impurities in the benzene used in making the stearic 
acid solution cause the appearance of irregular streaks or whorls in the crumple 
pattern when spread on pure water at pH 5.8. Dr. Blodgett has found that one 
part of. oxidized automobile oil in four milion parts of a benzene solution 
containing 0.1% stearic acid will alter the compression pattern in this manner. 
This test is thus a sensitive one also for detecting non-volatile impurities in 
substances such as benzene. 

Merck C. P. benzene was redistilled and those fractions were used which 
when tested by making an 0.001 solution of stearic acid in benzene showed 
the fine-grained isotropic star-like pattern described above. 

When various salts are added to the water (10-5 M) many types of crumple 
patterns are observed. For example, copper and lead at pH 6 give ‘‘banded 
crumple patterns” which are characterized by bands of weakness parallel to 
the barriers, along which nearly all the crumpling takes place. Gradually, 
as the compression is increased, more bands appear. The same type of crumple 
pattern is observed with copper at pH 9. With lead, however, at pH 9, the 
crumple pattern is almost invisible and the collected skim retains much water. 
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Taste I 


Absolute Surface Viscosities of Monolayers on Water Solutions 


F = 15 dynes cm D = 4.5. pH> 5.8 buffered as described in paper. 
M = 131.8. T= ca. 34 sec. 





























Substance spread Trough pH ao id as, g pee 
Stearic acid Glass 5.8 5 3 0.002 
Stearic acid Glass 5.8 16 14 0.002 
Stearic acid Glass 5.8 50 48 0.016 
Stearic acid Glass 5.8 80 3 0.011 
Stearic acid Glass 5.8 5 3 0.002 
Stearic acid Glass 6.8 5 3 0.04—0.08 
Stearic acid Glass 8.2 5 3 0.5 
Stearic acid Glass 8.2 12 10 1.0 
Stearic acid Glass 9.0 15 3 2.6 
Stearic acid Bakelite 9.0 5 3 0.042-0.70 collapse 
1x10-* M Calgon ‘ 

Stearic acid Bakelite 9.0 10 3 0.042 
3x10 M Calgon 

Stearic acid Bakelite 9.0 17 3 0.056 
Stearic acid Bakelite 9.0 30 10 0.627 
1x10-* M Calgon 

1x10-° M KCn 

Stearic acid Bakelite 9.0 40 3 0.078 
Stearic acid Bakelite 9.0 60 10 0.700 
Stearic acid Bakelite 9.0 70 22 0.767 
Stearic acid Rh plate 5.8 5 3 0.016 
Stearic acid Rh plate 5.8 13 11 0.12 
Stearic acid Rh plate 5.8 18 16 0.57 
Stearic acid Rh plate 5.8 35 2 0.16 
Stearic acid Rh plate 5.8 46 13 1.7 
Stearic acid Rh plate 5.8 58 25 13.0 
1x10-* M BaCl, 

Ba stearate Glass 5.5 5 2 0.31 
Ba stearate Glass 5.8 |. 9 6 0.77 
Ba stearate Glass 5.8 14 11 1.34 
Ba stearate Glass 6.9 21 2 1.4 
Ba stearate Glass 6.9 25 6 2.3 
Ba stearate Glass 6.9 28 9 8.5 
Ba stearate Glass 8.2 40 5 0.70 
Ba stearate Glass 8.2 46 11 0.70 
Ba stearate Glass * 9.0 59 2 0.80 

Ba stearate Glass 9.0 68 11 0.85 
Cetyl alcohol Glass 5.8 150 3 0.32 
Cetyl alcohol Glass i 5.8 5 3 0.38 

i 
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Calcium, magnesium, cadmium and aluminum at pH 6 give crumple patterns 
consisting of fine parallel transverse folds. Zinc, barium, mercuric ions, man- 
ganese, iron, cobalt and nickel at pH 6 give somewhat similar patterns except 
that the lines of folding are no longer straight and parallel but are wave-like 
or irregular with their general direction running parallel to the barriers. At pH 
9, however, the lines of folding again become straight and regular like those 
observed with calcium and magnesium at pH 6. With most of these elements 
lines of folding appear to a marked degree only when the compression is carried 
to about half the original area. 

The addition of 10-* M Calgon to a solution of 10-* barium at pH 9 changes 
the crumple pattern from that characteristic of barium to one which resembles 
the banded crumple pattern of copper and aluminum. 


5. Examination of Skim 
After observation of the crumple pattern, the monolayer is crushed by 


moving the barriers to about one quarter of an inch (6 mm) from each other. 
Then this crushed film can be skimmed off the surface with a narrow strip 





Fic. 2. Crystallized monoskim of stearic acid; microphotograph taken with 
crossed polarizing screens; quartz distilled water, pH. 5.8; 7, 25°; water 
stirred 60 times. 


of glass, transferred to a microscope slide and covered with a cover-glass. 
After heating above the melting point of stearic acid (70°), the slide is allowed 
to cool while being observed under a polarizing microscope. If the film con- 
sists of pure stearic acid it crystallizes suddenly, the crystallization starting 
from a point which acts as a nucleus. These crystals are birefringent. If metallic 
soaps are present, due to adsorption of metallic cations from the water, the 
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crystallization is a more gradual process, often giving Liesegang rings and 
leaving portions which are not doubly refracting. 

This test is extraordinarily sensitive to the presence of metallic cations 
in the solution. Microphotographs of the crystallized monoskims were taken 
by Mrs. C. B. Brodie, of this Laboratory. Fig. 2 shows the result obtained with 
stearic acid on pure water. Fig. 3 shows the skim obtained with water to which 





Fic. 3. Crystallized monoskim of stearic acid+ Al; microphotograph taken with 
crossed polarizing screens; quartz distilled water; 2x 10-*M ALCI,6H,O; pH, 
5.8; T, 25°; solution stirred sixty times. 


AICI, -6H,O was added in a concentration 2 x10-* M. In both cases the water 
beneath the film was stirred sixty times. If all the aluminum were concen- 
trated in the film, there would only be one atom of aluminum for every thirty- 
one molecules of stearic acid. 

A very low concentration of copper in the water, such as 5 x 10-* M 
CuCl, :2H,O, gives a skim which when collected upon porcelain and heated 
to 100° has a distinct green color. Amounts of Calgon, from a solution of 10-* 
M concentration, which are adsorbed on a barium stearate film at pH 9, give 
skims which develop a charred appearance when heated to about 300°, which 
is quite different from the appearance obtained without Calgon. 

Monolayers of many organic substances give skims which when observed 
under the polarizing microscope show very characteristic crystals after heating 
to definite temperatures and cooling. 
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By transferring the skim to a platinum surface and igniting it, a residue 
is left which contains the metallic constituents of the monolayer. These can 
then be examined spectroscopically, or by other microchemical methods. 


Summary 

The technique and apparatus have been described for making qualitative 
or quantitative determinations of the adsorption of dissolved salts from aqueous 
solutions by a surface monolayer of an insoluble substance. 

The absolute viscosities of stearic acid and barium stearate monolayers 
on water having various pH values have been listed. These show progressive 
changes due to adsorption of impurities. The equations and the apparatus 
used for measuring the viscosity or elasticity of insoluble monolayers have 
been given. 

The modification of a crystallized monoskim of pure stearic acid by the 
adsorption of aluminum from water containing one part of aluminum in 
two billion parts of water has been shown by photographs. A melted monoskim 
of stearic acid colored by copper adsorbed from water containing one part of 
copper in three hundred milion parts of water was described. 

Simple methods for the visual observation of the modification of pure stearic 
acid monolayers caused by minute concentrations of impurities in water which 
produce a change in the crumple pattern and crystallized monoskim have been 
described, together with the detection in a similar way of non-volatile impurities 
in volatile substances such as benzene. 

Equations have been given for the rate of diffusion of dissolved substances 
through water to an insoluble monolayer on the surface and a method described 
for greatly accelerating the rate of arrival at the surface. 
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EFFECT OF X-RAYS ON SURFACE POTENTIALS 
OF MULTILAYERS 


With F. J. Norton as co-author 
Sournal of the American Chemical Society 
Vol. LX, 1513 (1938). 


PorTeR and Wyman [f. Am. Chem. Soc. 60, 1083 (1938)] have reported 
that stearate X- or Y- films on grounded metal plates acquire negative potentials 
when exposed to X- rays. 

We have produced charges on both X- and Y-multilayers in many different 
ways, measuring the potentials by the vibrating-plate method and with a 
polonium-air electrode. This work suggests that the ionized air and the electric- 
field near the X-ray tube are responsible for the charge on the film. 

We confirm Porter and Wyman’s observation that a self-rectifying X-ray 
tube in air, operating on 60 kv, a.c., charges the films a few volts negatively 
even when either tube terminal is grounded. However, if an oil-immersed 
shock-proof X-ray tube is used or if the metal plate is enclosed in a thin alu- 
minum box, a 10-minute exposure, with the same X-ray dosage (28-roent- 
gens), has no effect on the film potential. 

Multilayer films exposed to X-rays from a tube in air, operated on 60 kv, 
d.c., acquire large potentials (10 volts on only 21 layers). The film becomes 
positively charged if it is at cathode potential and negatively charged if at 
anode potential, regardless of which terminal is grounded. 

When there are high voltage terminals in air, the ionization of the air by 
X-rays permits a current to flow which can charge the film. We have found 
that with 60 kv, a.c., applied to a tube in air with its cathode cold so that no 
X-rays are generated, the films do not become charged. If, however, a pointed 
wire is attached to the anode terminal so that a corona discharge occurs, the 
plate becomes negatively charged although there are no X-rays. 

A charged film on a grounded plate can be discharged in a few minutes 
if a grounded polonium electrode is brought close to its surface. Undoubtedly 
X-rays would discharge a charged film in an aluminum box if X-ray dosages 
of more than 100 roentgen units were used. 
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PILGRIM TRUST LECTURE 
Proceedings of the Royal Society of London 
Vol. A, CLXX, No. 940, 1, March (1939). 


IF FRAGMENTS of camphor are placed upon a clean water surface they move 
about vigorously and may even be made to propel toy boats. The late Lord 
Rayleigh (18902, 1890c) found that these movements stopped rather abruptly 
if the surface tension of the water was lowered by 21 dynes/cm by oily conta- 
mination of the surface. The amount of olive oil needed for this purpose was 
surprisingly small, corresponding to a thickness of only 16 A (16 x10-* cm). 

Miss Pockels (1891) proved that any amount of olive oil less than enough 
‘to give a critical thickness to about 10 A had no effect whatever on the sur- 
face tension of water, but above this limit the surface tension decreased 
rapidly as the amount of oil was increased. Only 5 g olive oil would be 
needed to cover an acre of water surface with a film of this critical thickness. 

Miss Pockels also showed that accidental contamination of the surface, 
which had previously complicated nearly all observations of surface-tension 
phenomena, could be eliminated by using a trough filled to the brim with 
water, and sweeping impurities off the surface by the motion of barriers 
which rested on the edg*s of the trough. This use of movable barriers to 
confine films, to compress them or to remove them from the surface, laid 
the foundation for nearly all the modern work with films on water. 

The early theories of surface tension had been developed by physicists 
(Thomas Young 1805; Laplace, Gauss, etc.) who either treated liquids as 
continuous fluids between whose elements of volume forces acted, or con- 
sidered only spherical molecules which exerted upon one another forces 
that varied as a function of the distance between molecular centres. Such 
theories naturally could not take into account the wealth of knowledge that 
had been accumulated by organic chemists regarding the structures of or- 
ganic molecules. 

Lord Rayleigh (18905) gave a valuable analysis and a criticism of the 
classical theories of surface tension but with hardly a mention of mole- 
cules. He called attention, however, to a remarkable estimate of the range 
of molecular forces made some 80 years previously by Young: ‘‘The extent 
of the cohesive force must be limited to about the 250 millionth of an inch 
(1.0 A)... nor is it very probable that any error in the suppositions adopted 
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can possibly have so far invalidated this result as to have made it very 
many times greater or less than the truth.” The logic of Young’s method 
of arriving at this conclusion is still valid, but for over a century no appli- 
cations seem to have made of this fact that the molecular forces of cohesion 
have a range of action which is even less than the diameters of atoms. 

Systematic studies of the surface tensions of aqueous solutions of organic 
substances were made J. Traube (1891). He investigated particularly the 
effect of increasing chain length in homologous series of aliphatic acids, alcohols, 
esters, amines and aldehydes. He found many empirical relations between 
the compositions of various substances and the lowering of the surface tension 
produced by them, but was not able to give any theoretical interpretation. 

A few years later Lord Rayleigh (1899) repeated many of the experi- 
ments of Miss Pockels and made further applications of the methods she 
had devised. He suggested that olive oil spreads on water until it forms a 
film consisting of a single layer of molecules. The thickness and many other 
properties of the films gave support to this hypothesis. He stated: ‘‘It is 
obvious therefore that the present phenomena lie entirely outside the scope 
of a theory such as Laplace’s, in which matter is regarded as continuous, and 
that an explanation requires a direct consideration of molecules.” The work 
of Traube and Rayleigh thus mark the beginning of the science of surface 
chemistry. 

Henri Devaux since 1903 has published about 100 papers dealing with 
monomolecular layers (monolayers) on water and on mercury. He has devel- 
oped many new and valuable techniques. As early as 1905 he proved that 
egg albumin spreads on water to give a remarkably elastic monolayer which 
cannot be driven back into solution by compressing {it between barriers. 
He measured the thicknesses of various films and considered that these served 
as a measure of the molecular diameter; in many cases these values agreed 
well with those calculated in other ways. 


Evidence of the Short Range of the Forces which Cause Adsorption 


Between 1910 and 1916 I made many studies of the effects produced by 
the introduction of low pressures of gases into highly evacuated bulbs con- 
taining heated tungsten filaments. I found (1912, 1915) that small amounts 
of hydrogen could be made to disappear by heating the filaments, and this 
gas was not adsorbed by the filament. but was dissociated into atoms which 
condensed on the surface of the bulb as a single layer of atoms which retained 
their chemical activity even after the filament was allowed to cool. This adsorbed 
hydrogen on the glass was able to react immediately with oxygen subse- 
quently admitted, causing the disappearance of an amount of oxygen which 
was the chemical equivalent of the atomic hydrogen that had previously been 
adsorbed. Since hydrogen atoms on the glass, if they are in contact, react 
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with one another to form molecular hydrogen it was never possible to obtain 
a layer more than 1 atom thick. 

When oxygen was allowed to act on the heated tungsten filament the 
troxide WO, was formed. At the highest temperatures about 50% of the 
molecules of oxygen striking the filament reacted to form WO,. This 
proved that the surface of the filament must have been nearly completely 
covered with an adsorbed film of oxygen which reacted with the impinging 
oxygen molecules to form WO, (Langmuir 1913). Since these experiments 
involved temperatures as high as 3000°K and pressures of oxygen of the 
order of 0.001 mm, it is evident that the film of adsorbed oxygen has an 
extraordinary stability. Subsequent experiments (Langmuir and Villars 
1931) showed that the heat of evaporation of the oxygen film was about 
160 kcal/g atom. At 1500°K the life of this film was calculated to be about 
3 years. The presence of the film could be detected by its effect in decreas- 
ing the electron emission by a factor of 10,000 and by preventing the dis- 
sociation of molecular hydrogen by the hot tungsten filament at 1500°K. 

These experiments indicated that adsorbed .films of very great stability 
were formed in which single layers of atoms were chemically bound by the 
underlying surface. The forces involved were clearly those between atoms 
in contact and were not at all like those which had previously been thought 
the cause of adsorption—forces which were assumed to act over considerable 
distances holding the adsorbed gas molecules as a kind of miniature at- 
mosphere. 

Although these cases of adsorption which I have just described mani- 
festly involved chemical forces like those that act between atoms within 
molecules, I was led to the hypothesis (19162) that short-range forces should 
be responsible for nearly all types of adsorption. The chemist was already 
familiar with forces that showed an enormously wide range of intensities, 
including weak forces of the secondary valence types illustrated by the 
occurence of water of crystallization in many crystals. In general the experience 
of the chemist had been that molecules interact only when in contact. According 
to this concept a solid or liquid surface should have its adsorbing power 
completely altered when it becomes covered by a single layer of foreign atoms 
or molecules, since molecules in a second layer can be in contact only with 
those in the first layer and not in contact with the substrate. 

To find whether these ideas were generally applicable I began to con- 
sider the surfaces of liquids. The work of Marcelin, Devaux and Lord 
Rayleigh with oil films on water supported the idea that the forces acted 
only between molecules in contact. I wished particularly to know the cause 
of the spreading of oil on water. I noted that a pure hydrocarbon oil, such 
as a higher hydrocarbon like hexadecane C,.H,,, or liquid petrolatum, does 
not spread at all on water. A drop of such an oil remains on the surface as 
a lens of considerable thickness, while a higher fatty acid such as palmitic acid, 
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C,;H3,COOH, spreads to form a monolayer. The spreading must, therefore, 
be caused by the presence of the carboxyl group, —COOH, at the end of the 
long hydrocarbon chain. Acetic acid and proprionic acid, lower members of 
the fatty acid series, are readily soluble in water while the corresponding hydro- 
carbons are relatively insoluble. The carboxyl group is thus hydrophilic or 
has a marked affinity for water. 

The postulate of short-range forces thus automatically leads to the con- 
clusion that a higher fatty acid such as palmitic acid should spread on the 
surface so that the carboxyl groups come into contact with the water while 
the hydrocarbon chains remain packed side by side in contact with one 
another (Langmuir 19165, 1917). The molecules are thus oriented with the 
hydrophilic groups or heads in the water while the hydrophobic parts or tails 
lie above the heads in a more or less vertical position. The maximum amount 
of the fatty acid that can spread on a given water surface is limited by the 
number of molecules that can be packed into a single layer. There would 
be no tendency to spread as a second layer because the hydrophilic groups 
in this second layer could not come into contact with the water. 

Sir William Hardy (1912) in discussing the interfacial surface tension 
between fluids had pointed out that if the stray field of a molecule be unsym- 
metrical the surface layer must differ from the interior in the orientation 
of the axis of the field with respect to the surface and so form a skin having 
all the molecules oriented in the same way instead of purely random ways. 
Hardy, however, believed that the cohesive forces between molecules were 
long-range forces, often acting through distances of several thousands of 
Angstrém units, and so considered that the orientation extended through 
many layers of molecules. On this basis it is impossible to account for the 
widespread occurrence of monolayers of insoluble substances on water. Hardy’s 
failure to recognize the importance of short-range force prevented him from 
drawing useful conclusions from his ideas regarding the orientation of molecules 
on surfaces. 


Areas and Compressibilities of Monolayers 


To study the properties of monolayers of fatty substances spread on 
water, a known weight of the substance is dissolved in a volatile solvent such 
as benzene and definite volumes of this solution are delivered from a micro- 
pipette on to a clean water surface in a trough. At one end of the trough 
is a movable barrier which can be used to compress the monolayer and at 
the other end is a floating barrier attached at its ends to the edges of the tray 
by waxed silk threads or by thin flexible metal strips so placed that the mono- 
layer cannot escape round the ends of the barrier. By means of a torsion wire 
or other device it is possible to apply known forces sufficient to hold the 
floating barrier in a fixed position, notwithstanding any force communicated 
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to it by the monolayer. This surface balance thus measures the difference 
in the surface tension between the two sides of the floating barrier. If y, is 
the surface tension of a clean water surface and y is that of the water covered 
by the monolayer, then the surface balance measures a surface pressure F 
given by 

F=y—y. ‘ (1) 

The force F, in dynes/cm, exerted by the monolayer upon the floating 
barrier is properly thought of as a surface pressure which acts to reduce 
the surface tension of the water. Of course one could regard the barrier as 
being pulled towards the clean water surface by the higher surface tension 
of this surface, but one obtains a far more realistic description of the observed 
phenomena by considering that the monolayer, when compressed, exerts 
a surface pressure upon the floating barrier. The compression of a monolayer 
by a moving barrier is thus analogous to the compression of a gas in a cylinder 
by a moving piston. 

By applying a series of known compressions, as given by the surface 
balance, and measuring the corresponding areas of the monolayer, one obtains 
data for the construction of a curve giving F as a function of a, the area 
per molecule. In a similar way with a cylinder and piston we could measure 
the relation between the pressure of a gas or liquid and the volume per molecule 
occupied by it. The relation between the volume and the pressure of a gas 
is known as the Equation of State of the gas. Similarly, we can regard the 
relation between F and a as the Equation of State of the monolayer. 

A three-dimensional ideal gas has the equation of state 


po=kT or p=nkT, (2) 


where p is the pressure, v the volume per molecule, 7 the absolute temperature, 
k the Boltzmann constant, 1.37 x10-* erg/deg., and m the number of molecules 
per unit volume (the reciprocal of v). This equation of state corresponds 
to the case where the gas molecules exert no forces upon one another. 

Liquids and solids are characterized by relatively low compressibility; 
the concentration does not increase in proportion to the pressure as given 
by equation (2), but at a far slower rate. 

The thermodynamic relation known as Gibbs’s equation enables us to 
calculate a two-dimensional equation of state of the monolayer if we know 
the partial pressure, p, of the saturated vapour of the substance forming the 
monolayer or the partial osmotic pressure, p, of the dissolved substance in 
the underlying solution—these relations being known as the adsorption iso- 
therms of the monolayer. 

Whenever the ideal gas law of equation (2) is applicable in the three- 
dimensional vapour or liquid phases which are in equilibrium with the monolayer, 
Gibbs’s equation takes the simple form 


dF/dlogp = okT. (3) 
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If the molecules in a monolayer exert no forces on one another, the surface 
pressure F should vary in proportion to the surface concentration 0, and both 
these quantities should vary in proportion to p. Under these conditions by 
means of equation (3) it can be shown that the monolayer behaves as an ideal 
gas and its equation of state must then be 

Fa=kT or F=okt. (4) 
In comparing these equations with equation (2) we see that they are of similar 
forms and the Boltzmann constant k occurs in both. 

The F-a curves (Langmuir 1917) for several substances are given in Fig. 1. 
The abscissae are the areas per molecule in sq. A. The dashed line, marked 
palmitic acid, represents the lower part of the F-a curves which are obtained 





Fic. 1. F-a curves for unsaturated esters. 


for the higher saturated fatty acids and alcohols having 14 or more carbon 
atoms. The monolayers of these substances are relatively incompressible and 
occupy areas of about 20 sq. A/mol. Since they do not tend to spread inde- 
finitely as F is reduced to zero, these monolayers, which are said to form 
condensed films, act as two-dimensional solids or liquids rather than gases. 
The difference between the liquid and solid states in a film is readily 
determinable by the degree of mobility of dust particles or a small strip of 
paper placed on the surface. If one blows gently on the surface, these 
objects move if the monolayer is liquid but appear as if frozen into the 
surface if the monolayer is solid. The films given by the fatty acids and 
alcohols on pure water are liquid, but the presence of low concentrations 
of divalent or particularly trivalent cations in the water, especially if the 
pH is high, causes the films of the acids to become solid. 
' We have seen that molecules of a fatty acid spread to form a single layer 
of oriented molecules with the carboxyl groups in the water. The area per 
molecule, a, is thus determined either by the size of the head or hydrophilic 
portion, or by the cross-section of the hydrocarbon chain or tail. In either 
case an increase in the length of the hydrocarbon chain merely increases the 
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thickness of the monolayer but leaves the area per molecule unchanged. The 
area, a, thus represents the cross-section of the molecule in a_ horizontal 
plane, while the thickness of the layer, which is approximately the volume 
of the fatty acid divided by the area, measures the length of the molecule in 
the vertical direction. Early experiments (Langmuir 1917) confirmed these 
deductions by showing that with fatty acids having from 16 to 30 carbon 
atoms per molecule, the cross-sections remained fairly constant while the 
lengths of the molecules increased in proportion to the number of carbon 
atoms. The molecules of stearic acid were thus found to have a length about 
five times that of the ‘‘diameter” (taken roughly to be the square root 
of a). For the molecules of myricyl alcohol the length was about eight times 
the diameter. The molecule of tristearin, (C;Hs,CO,)sC;H,, which has three 
hydrophilic groups per molecule, gives an area, a, about three times as great 
as that of stearic acid, while the thickness of the monolayer remains about 
the same. The hydrocarbon chains are therefore packed side by side as one 
would expect. 

Fig. 1 shows that the presence of double bonds between carbon atoms 
increases the area per molecule and lowers the force F at which a rapid decrease 
in area occurs. Thus tristearin, which has three hydrophilic groups per 
molecule, but no double bonds, gives a curve (not shown in Fig. 1) which 
rises steeply like that of palmitic acid but at an area of about 66 sq. A. Triolein, 
which has the same number of hydrophilic groups but has in addition three 
double bonds, occupies an area more than three times as great, but gives 
a film which is far more easily compressible. The area per molecule for castor 
oil is still greater, since the molecules of this substance contain six hydrophilic 
groups and three double bonds. 


Soluble Monolayers 


The monolayers given by the lower fatty acids and other substances 
whose molecules contain short hydrocarbon chains with attached hydro- 
philic groups are too soluble to permit the measurement of the area per 
molecule by the methods just described. If, however, one measures the surface 
tension of solutions of these substances covering a wide range of concentra- 
tions, then by means of Gibbs’s equation, equation (3), one can calculate a, 
the number of molecules per unit area. The reciprocal of this quantity then 
gives a, the area per molecule. The data obtained by Traube (1891) thus 
make possible (Langmuir 1917) the calculation of a as a function of F (the 
lowering of surface tension). These measurements show that at very low 
concentrations the soluble monolayers behave as ideal three-dimensional 
gases, whose equation of state is given by equation (4). At higher concentra- 
tions the monolayers show marked departure from the conditions of the ideal 
gas and tend to give films that approach the state of a two-dimensional liquid. 
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Principle of Independent Surface Action 


In all my studies of the structure of the surfaces of liquids and monolayers 
upon them, I have been guided by the thesis that the forces between molecules 
that are not electrically charged are those which act between molecular surfaces 
in contact. To understand the adsorption or orientations of molecules at the 
surface of a liquid we need to consider the energy changes which occur 
when surfaces of different kinds come into contact. 

The surface tension, y, of a liquid is measured in dynes/cm. It is also 
equal to the free energy in ergs/sq. cm, required to form a fresh surface. 
For example, consider a prism of liquid having a cross-section of 1 sq. cm. 
Let this be divided into two parts by an imaginary plane perpendicular to 
the axis of the prism and let us then separate these two portions of liquid 
from each other. This involves an increase in the surface of the liquid of 
2 sq. cm. The work done to bring about this separation is therefore 2y. 

The total energy involved in the separation is, however, greater than y 
and is given by 

Ye = y—Tay/aT. (5) 


Since the surface tension, y, decreases with increase in temperature, the 
last term in equation (5) is positive and represents the energy derived from 
the thermal agitation of the molecules, corresponding to a cooling effect 
in the formation of a new surface. In general y varies approximately linearly 
with temperature so that the value of y, is independent of temperature and 
is in fact the value obtained by a linear extrapolation of the surface-tension 
curve to the absolute zero of temperature. 

The total energy needed to separate a drop of a liquid from a large 
volume of the liquid is equal to Sy,, where S is the surface area of the drop. 
The molecules in the vapour of a long-chain aliphatic hydrocarbon should 
assume a roughly spherical form, because of the forces of adhesion 
(surface tension) between the various parts of the molecule and the relatively 
free rotation about the axes corresponding to the bonds betwen the carbon 
atoms. The energy needed for the evaporation of a molecule, or the latent 
heat of evaporation per molecule, 4, is mainly the surface energy associated 
with the molecule of the vapour (Langmuir 1925, 1926, 1929). Thus we may 
put 4 = Sy,, where S may be calculated as the surface of a sphere having 
a volume equal to that of a molecule of the hydrocarbon. I have examined the 
available data on the latent heats of evaporation of hydrocarbons, and have 
calculated those of the higher hydrocarbons from the boiling-points, and 
have found that all the hydrocarbons except methane give practically the 
same value y, = 34 dynes/cem when calculated from A/S. Direct determi- 
nations of y;, by surface tension measurements, give yz; = 50 dynes/cm for 
all the higher liquid hydrocarbons, a value of the same order of magnitude 
as that calculated from the evaporation. 
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Let us now consider the effect of replacing one of the hydrogen atoms in 
the hydrocarbon by the hydroxyl group —OH. The heat of evaporation 
will now be increased very considerably because in the vapour the hydroxyl 
groups of the evaporating molecule can no longer come into contact with 
similar groups in adjacent molecules. If we take the surface energy corres- 
ponding to the separation of —OH groups from each other as 190 ergs/sq. 
cm, and the energy of 34 ergs/sq. cm for the separation of —OH groups from 
neighbouring hydrocarbons, we can calculate the heats of evaporation of the 
various alcohols with considerable accuracy (1925). Although the heats of eva- 
poration, and therefore also the boiling-points, of the alcohols are much higher 
than for the corresponding hydrocarbons, the surface energies of the alcohols 
and hydrocarbons are practically the same (19165). We can see the reason 
for this if we consider the separation of a prism of alcohol into two parts. 
Just as a chain under tension breaks at its weakest link, the alcohol prism will 
separate along planes between the surfaces of adjacent molecules which exert 
the least attraction for one another, i.e. the hydrocarbon portions. The total 
surface energies of the normal aliphatic alcohols is, therefore, very nearly the 
same as for pure hydrocarbons, i.e. about 50 ergs/sq. cm. 

The principle of independent surface action thus correlates surface tension 
phenomena with vaporization and solubility; it also indicates that alcohols 
and pure liquids, whose molecules consist of portions having different activities, 
should be oriented in the surface layer. For example, in the surface of liquid 
alcohol the —OH groups are buried below the surface because the surface 
energy of such groups is far greater than that of the hydrocarbon portions 
of the molecules. Studies of the surface tensions of some 250 liquids and parti- 
cularly substituted benzene derivatives showed (Langmuir 19165, 1917) that 
these principles made possible the correlation of the surface energies with 
the chemical structures. This aspect of surface chemistry has been particularly 
followed up by W. D. Harkins and his co-workers (since 1917). 

The concept of the hydrophilic and hydrophobic natures of certain mole- 
cular surface has proved useful in an understanding of the spreading of 
oils on water. The principle of independent surface action, with its quantitative 
consideration of surface energies, is, however, capable of far wider application. 
It gives a simple rational approach to studies of the properties of solutions 
or mixtures of organic substances, permitting calculations of solubilities, 
partial vapour pressures (Langmuir 1925), surface tensions, etc., in terms 
of a small number of empirically determinable surface energies. It enables 
us in a simple way to take into account the effects of molecular shapes and 
orientations. 

This principle helps in an understanding of many phenomena occurring 
in colloidal solutions. Thus, for example, small droplets of hydrocarbon oils 
may be stable in water solution if molecules are present (for example soap) 
which have hydrophobic portions that can go into the oil phase and a hydro- 
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philic portion that can remain in the water phase. Such molecules may in 
fact crowd into the interface to such an extent that the interfacial surface 
tension is brought to zero, giving a thermodynamically stable system in which 
droplets have no tendency to coalesce (Langmuir and Waugh 1938). 

Just as the molecules in the vapour of a long-chain hydrocarbon tend to 
draw into spheres, so similar molecules carrying hydrophilic groups should 
tend to assume spherical forms when surrounded by water. These spherical 
molecules can readily join together to form spherical micelles as long as 
the radius of the micelles does not exceed the length of the molecules. 
Micelles larger than this are improbable since hydrophilic groups would 
then have to exist in the interior of the droplet. Dr. G. S. Hartley has shown 
that many long-chain aliphatic compounds carrying ionic groups exist in 
solution in the form of micelles whose radius is approximately equal to the 
length of the chain. 


Expanded Films 


The area per molecule, a, occupied by the condensed monolayers such 
as stearic acid, is 20.4 sq. A. This represents the cross-section of the hydrocarbon 
chains when packed tightly together but inclined at an angle of about 23° 
from the vertical. This area per molecule is the same as that found in crystals 
of stearic acid by X-ray analysis. 

Monolayers produced from oleic acid (an unsaturated acid) and from 
the saturated acids such as palmitic and myristic acids on acidulated water 
at sufficiently high temperatures, give at F = 0 much larger areas of about 
50 sq. A. Other examples are given by the curves of Fig. 1. 

These so-called expanded films possess particularly interesting properties. 
Fig. 2 gives a family of F-a curves obtained by Adam and Jessop (1926) with 
monolayers of myristic acid on 0.01 N HCl at a series of different tempera- 
tures ranging from 2.5 to 34.4°. The ordinates represent the values of F in 
dynes/sq. cm, while the abscissae are the areas per molecule in sq. A. It is 
seen that these monolayers are very much more compressible than condensed 
films which show a nearly constant area of 20 sq. A. The films thus have a 
compressibility nearly like that of a gas but yet they do not expand indefinitely 
over the surface when the compressive force is removed, as would be the case 
if they were really gaseous films. 

Adam considered that the molecules in these expanded films are oriented 
with the hydrocarbon chains in an approximately vertical position, these 
being held apart by some kind of long-range repulsive force and yet pre- 
vented from spreading indefinitely over the surface by attractive forces between 
the hydrophilic heads of the molecules. 

If the hydrocarbon chains in the expanded films are to be spaced apart 
in this way to give an area per molecule of 50 sq. A instead of the 20 sq. A 
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which is characteristic of condensed films, the average distances between 
the surfaces of adjacent molecules must be approximately 2 A. To postulate 
forces of this kind between hydrocarbon surfaces is an ad hoc hypothesis 
which receives no confirmation from experiments, and is in fact quite incom- 
patible with other properties of hydrocarbons. 

A consideration of the surface energies of molecules indicates that there 
is a large decrease of surface energy when hydrocarbon surfaces come into 
contact either in a gas phase or when the molecules are surrounded by water 
(Langmuir 1925, 1926). If the molecules instead of being erect and separated’ 





Fic. 2. Experimental F-a curves for my- Fic. 3. Theoretical F-a curves for my- 
ristic acid films on 0.01 N HCI. ristic acid films. 


from one another should take reclining positions, lying against one another, 
their surfaces would come into contact except for small portions near the 
ends of the chains. This would involve a reduction in surface energy of the 
same order of magnitude as the heat of evaporation of the corresponding 
hydrocarbon. Since tetradecane has a negligibly small vapour pressure at 
ordinary temperatures, there should therefore be only a negligible fraction 
of the molecules which lie in positions separated from one another. 

An estimate of the magnitude of the energies involved can readily be 
made. The myristic acid molecule may be regarded as a prism of cross- 
section 20 sq. A with a perimeter of 16 A, the length of the hydrocarbon 
portion being about 18 A. The total area of contact between the hydro- 
carbon surface of one molecule and the adjacent molecules in a condensed 
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film is thus 280 sq. A. We have seen that the surface energy y, required 
for the calculation of the heats of evaporation is 34 ergs/sq. cm, and thus the 
total energy involved in separating the chains from one another is 95 x 10-™ erg. 

A rough estimate of the relative probabilities for the occurrence of molecules 
in different positions or orientations is given by the Boltzmann equation 


P = Prexp (V/RT), (6) 


in which P and P, are the probabilities of the occurrences of molecules in 
two states that differ in energy by the amount A per molecule, and k is the 
Boltzmann constant. Thus at ordinary temperatures kT is equal to 4.0 x10-“ erg. 

Since the energies involved in bringing the chains of myristic acid into 
contact is twenty-four times as great as kT, the relative probabilities of the 
molecules in the two states are in a ratio of about 1 to 10%. 

The principle of independent surface action thus forces us to the con- 
clusion that the hydrocarbon chains in a myristic acid expanded film must 
remain in contact with one another. ; 

This conclusion may also be reached in another way. If a drop ot a- 
pure hydrocarbon liquid, such as tetradecane, is placed on water it draws 
together into a relatively thick lens: surely this indicates that the molecules 
exert no long-range repulsive forces on one another. We may calculate the 
force F that would be necessary to spread a hydrocarbon out in a thin film 
on the surface of the water. The surface tension of the water of such a film 
at 25°C is 72 dynes/cm. The surface tension between tetradecane and air 
is 27 dynes/cm and the interfacial surface tension between the hydrocarbon 
and the water is 51 dynes/cm. These latter two forces, which act to draw the 
film together, amount to a total of 78 dynes/cm, which exceeds the surface 
tension of the water by 6 dynes/cm. The spreading force F, of the hydrocarbon 
film is thus —6 dynes/cm, the negative sign indicating that the hydrocarbon, 
instead of spreading, tends to draw together into a lens. 

If now we replace one of the methyl groups at the end of the chain in 
the tetradecane by a carboxyl group, we convert it into myristic acid which 
then spreads out over the surface. The presence of the hydrophilic head thus 
generates a surface pressure sufficient to overcome the negative spreading 
force characteristic of the hydrocarbon. It is not necessary, however, to 
assume that this positive force due to the heads represents a repulsion between 
the heads. It is rather to be looked upon as a result of the two-dimensional 
gas pressure exerted by the heads because they are free to move by the Brownian 
Movement in the interface between the hydrocarbon and the water. 

By these considerations I was led (Langmuir 1925, 1926, 19336) to a 
theory of expanded films which regards these as duplex films consisting 
essentially of a thin three-dimensional hydrocarbon liquid phase or inter- 
stratum which is bounded by two interfaces. The upper interface is that 
between a hydrocarbon liquid and air, while the lower interface is one between 
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a hydrocarbon liquid and water in which there exists a spreading force due 
to a two-dimensional gas consisting of the hydrophilic heads of the molecules. 

This duplex film theory leads to the following equation of state for expand- 
ed films: 

(F—F)) (a—ay) = RT, (7) 
where F, is the spreading force (—13 dynes/cm for myristic acid) and a, is 
a correction for the finite size of the hydrophilic heads (about 15 sq. A for 
myristic acid), which corresponds to the b-term in the van der Waals equation 
of state for a three-dimensional gas. Equation (7) agrees excellently with the 
experimental F-a curves for expanded films. In Fig. 3 the hyperbolic 
parts of the curves which lie to the right of the kinks were calculated by this 
equation. They are seen to agree well with the corresponding parts of the 
curves in Fig. 2. : 

The kinks in the curves were found to be due to the sudden formation 
of micelles of close-packed hydrocarbon chains arranged like the molecules 
in condensed films of fatty acids. It was possible in fact to calculate the heat 
of formation of these micelles and to show that this energy increased linearly 
with the length of the hydrocarbon chain but was independent of the nature 
of the hydrophilic heads of the molecules. 

The experimental data thus show that in monolayers there can be definite 
changes of state, from gaseous to liquid, which occur at critical temperatures. 
In the case of myristic acid films the liquid phase appears as a kind of two- 
dimensional colloidal system corresponding to the formation of a two-dimen- 
sional fog. 

The fact that in an expanded film the tails of the molecules can act as 
a three-dimensional liquid having an upper and lower interface that act 
independently of one another, is a striking confirmation of our conclusion 
that the ranges of molecular forces within these monolayers is small compared 
to the dimensions of the molecules themselves. The properties of the three- 
dimensional hydrocarbon phase thus remain substantially unaltered even in 
films which have a thickness only about one-third of the length of the mole- 
cules that form the film. The thickness, however, can naturally never become 
less than the diameter of the hydrocarbon chain, which is about one-fifth 
of the length of the molecule. 

This concept of the nature of the duplex film has been strengthened by 
the studies of the behaviour of fatty acid films at the interface between oil 
and water (Langmuir 1934). For this purpose studies were made in which 
stearic acid was dissolved in petrolatum in such quantity that the hydro- 
philic groups present made the hydrocarbon spread out into a film whose 
thickness could be measured optically by the interference colour produced on 
water. Knowing the volume of oil placed on the surface and measuring the 
thickness by the colour, it was possible to determine the area per molecule. 
Force-area curves were obtained which closely resembled those of Fig. 2; 
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even kinks in the curves were obtained like those that characterize the expanded 
films. In these experiments, however, the duplex films were several hundred 
times thicker than those of the expanded films of pure substances. 


Properties of Monolayers on Water 


We have seen that monolayers of fatty acids can possess the properties 
of two-dimensional solids, liquids or gases and may even exhibit simultane- 
ously properties of both liquids and gases in a way that is not possible for 
three-dimensional states of matter. 

Alterations of the state of the film can be produced by the presence of 
minute traces of dissolved salts in the substrate (Langmuir 1936; Langmuir 
and Scheafer 1937d). Divalent cations react to form soaps or salts if the subs- 
trate is sufficiently alkaline (high pH). When stearic acid is spread upon 
water containing small amounts of calcium or barium chloride (10 * to 10-4 M), 
the monolayer can be skimmed off by sweeping a barrier across the surface. 
This skim, confined between two barriers 2 mm apart, can then ‘be 
transferred to a narrow platinum ribbon. By using a large tray of about 0.5 
sq. m it is easy to obtain several mg of skim for analysis (Langmuir and 
Schaefer 1936). 

If the substrate is sufficiently acid (pH 3) the skim contains practically 
no calcium or barium, but with increasing pH the metal content increases, 
showing about half-conversion to neutral soap at about pH 6, and nearly 
complete conversion at about pH 9. The metal content of the film can, 
therefore, be varied at will. Interesting changes in the mechanical pro- 
perties of the films occur under these conditions. At pH 7 the films become 
viscous, so that a strip of paper on the surface can be blown about much 
less readily than when the film is formed at lower pH. There is, however, 
at pH 8 a striking return to lower viscosity although the metal content 
increases continuously (Langmuir and Schaefer 1937d). The addition of very 
low concentrations of sodium hexametaphosphate (1 part per million) 
renders the calcium or barium films at high pH extremely rigid and even 
brittle if calcium or barium are also present in the water in amounts more 
than enough to combine with the hexametaphosphate. 

Minute traces of copper, as low as 1 part in 10” parts of water, produce 
marked changes in the viscosity and other properties of the monolayers. The 
appearance of the ‘‘crumple pattern” when the film is compressed between 
barriers is also profoundly modified by the presence of traces of metallic 
ions in the water. 

When the skim obtained from a stearic acid monolayer on water is 
transferred to a microscope slide and heated to its melting-point and cooled, 
it crystallizes in a definite manner if it consists of pure stearic acid. Minute traces 
of metallic ions in the water may cause a failure to crystallize or profoundly 
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modify the appearance of the crystalline mass seen under the microscope. 
For example, minute traces of copper give a green colour. As little as 1 atom 
of aluminium for 30 stearic acid molecules causes a characteristic. banded 
appearance (rhythmic precipitation), while 1 atom of aluminium for every 12 
of stearic acid completely prevents crystallization. 

The amounts of salts needed to produce these effects are naturally very 
small. Thus if the total amount of aluminium in the underlying water is 
sufficient only to give 1 atom of aluminium for 30 molecules of stearic acid 
in the monolayer the presence of the aluminium may be detected. This 
corresponds to a concentration of only 1 part of aluminium in 3 x10° parts 
of water in a tray 2 cm deep. 

These methods of detecting metallic ions, and of concentrating them from 
large volumes of water into small volumes of skim, seem to provide 
a micro-chemical technique of great promise. Copper and other elements 
may be frequently detected even in good grades of distilled water. Amounts 
of salts which can dissolve from glass within a few minutes frequently have 
marked effects on the properties of monolayers of stearic acid. Even pure 
silver or gold brought into contact with distilled water gives a contamination 
which is detectable within a few minutes by the change in the viscosity of 
the stearic acid monolayer. 

The antagonistic action of various ions toward one another may be readily 
studied by these methods (Langmuir and Schaefer 1937 d). For example, if 
one has a low concentration of barium chloride, 10-* M, at a pH at which 
the stearic acid monolayer is about half converted to stearate, the addition 
of sodium chloride to the substrate decreases the barium content of the 
monolayer because of the replacement of the barium by sodium. Such 
antagonistic actions are very common in the field of biology. It would seem 
that a detailed study of such actions with fatty acid monolayers should throw 
much light on biological problems. 


Use of Indicator Oil to Render Monolayers Visible 


Lord Rayleigh and Devaux used talc, sulphur or lycopodium powder dusted 
on the surface of water to render visible the outlines of monolayers. We 
have found that partly oxidized lubricating oil possesses many advantages 
over powdered substances for this purpose. A fresh sample of lubricating oil 
will normally not spread on the surface of water but if it is heated for a 
sufficient length of time in the air hydrophilic substances are produced in 
the oil which cause it to spread to give duplex films which become increasingly 
thin as the oxidation proceeds. If an oil is produced in this way which spreads 
to give a film that shows a first-order colour such as yellow or red, the 
colour changes rapidly if the film is compressed and thereby thickened. By 
the use of a surface balance the oil may be calibrated so that the force F 
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is determined, which corresponds to each of the successive colours on Newton’s 
scale. Forces of even less than 1 dyne/cm can be measured in this way. 

If a minute drop of indicator oil is applied by a platinum wire to a 
water surface covered by a liquid monolayer, the oil spreads to form a circular 
coloured disk. If, however, the monolayer is solid, the indicator oil may tear 
the monolayer to give a jagged outline or star-shaped figure. If a second drop 
of indicator oil is placed near the first it expands into the first area if the 
viscosity of the monolayer is higher than that of the indicator oil. Thus it 
becomes possible to detect minute differences in the surface viscosities 
of monolayers. 


The Deposition of Monolayers on to Plates 


Lord Rayleigh showed that a single monolayer of oily substances on glass 
or porcelain was enough to decrease static friction to low values. In 
attempting to understand some of the fundamental phenomena of the 
flotation process of ore separation, I studied (1920, 19385) the effects pro- 
duced by dipping various solid bodies into water covered with a monolayer 
of oleic acid. I found that a small glass slider, in the form of a low tripod, 
placed on a clean glass plate would not slide off until the glass was tilted 
about 60° from the horizontal. If, however, the glass was first dipped into 
water covered with an oleic acid monolayer, and was then withdrawn slowly 
from the water, the glass slider would slide off the glass at an angle of about 
8°. This surface was non-wettable by water, whereas the clean glass was 
completely wettable. The contact angle formed by the drop of water on the 
contaminated surface gave a measure of the hydrophobic character of the 
surface. 

The dipping of a clean glass slide into water covered by a monolayer of 
oleic in equilibrium with a droplet of this substance causes the deposition 
of a single monolayer on to the surface. No deposition occurs on the down- 
trip into the water, for the clean surface is so hydrophilic that the water 
runs up on to the slide for an appreciable distance, giving a low contact angle. 
Proof that no oleic acid is transferred to the slide during this down-trip is 
furnished by the fact that dust particles or small spots of indicator oil placed 
in the monolayer near the slide do not move toward the slide while this is 
lowered. As soon as one starts to raise the slide out of the water, however, 
the dust or indicator oil on the surface moves toward the slide and may 
even be deposited upon it. Further proof that no monolayer is deposited on 
the down-trip can obtained by removing the monolayer from the surface of 
the water after a down-trip and then withdrawing the slide through this clean 
water surface. It comes out wet and, after drying, both the friction test and 
the contact angle obtained with a drop of water prove the absence of any 
monolayer of oleic acid. 
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On the other hand, the slide can be lowered into clean water, oleic acid 
can then be spread as a monolayer on the surface, and, when the slide is 
withdrawn, it is found to be covered by a deposited monolayer. Since this 
monolayer is deposited only on the up-trip it is to be expected that the fatty 
acid molecules are oriented on the surface with their carboxyl groups 
in contact with the glass. Such films cannot be removed from the glass 
surface by washing the surface with pure benzene although oleic acid is very 
soluble in benzene. A sufficient number of molecules are therefore evidently 
bound firmly to the surface by their carboxyl groups so that they cannot be 
removed easily. 

Similar experiments were made with clean surfaces of various minerals 
and metals, choosing particularly those which could be easily obtained in 
a clean condition The minerals galena, sphalerite, calcite and mica, which 
give good cleavage surfaces, were particularly chosen for this purpose. In 
every case a single monolayer was sufficient to give a large contact angle 
and a small sliding angle. However, the contact angles varied from 90° for 
an oleic acid monolayer on galena down to about 18° for a similar mono- 
layer on mica. 

Since the oleic acid monolayers on all these solids are deposited only 
during the up-trips it would seem in every case that the molecules 
should be oriented with the carboxyl groups in contact with the solid, 
while the interface between the monolayer and the air should be a pure 
hydrocarbon surface. 

At first sight it appears peculiar that the contact angles observed when 
drops of water are placed on these surfaces should depend upon the nature 
of the solid substrate. It would seem that the angle should in all cases be 
about 100°, which is given by a drop of water on solid paraffin. 

We have here a phenomenon which suggests that some force is trans- 
mitted through a monolayer having a thickness of about 20 A, from the 
solid substrate to the water drop on top of the monolayer. Phenomena of 
this type have often been cited as proof of the existence of long-range 
molecular forces. ; 

I had become so firmly convinced of the general applicability of the prin- 
ciple of independent surface action in cases of this kind that I felt that I must 
look for some other explanation of the variable contact angles that did not 
require long-range forces. I was thus led to the view that the presence of a water 

. drop on top of a monolayer tended to cause a reorientation of some of the 
molecules in the monolayer if the hydrophilic groups of these molecules were 
not sufficiently firmly, anchored by the solid substrate. For example, galena 
seemed to hold the carboxyl groups so firmly that no appreciable number 
could be made to overturn by the water placed on top of the monolayer. 
In this case, therefore, the contact angle was approximately the same as for 
a solid pure hydrocarbon, about 90°. With calcite and quartz the carboxyl 


Google fiche = 


Molecular Layers 407 


groups were much less firmly held, so that a certain fraction of these groups 
was able to leave the solid substrate and come in contact with the water, making 
the upper surface somewhat more hydrophilic, and giving contact angles 
of 70 and 45°. This effect was even more marked with mica (contact angle 
18°). 

This theory of the overturning of molecules gives a natural explanation 
of the observed phenomenon without requiring the presence of long-range 
forces. We do not need to assume that the presence of water on top of the 
monolayer exerts a force through the monolayer upon a carboxyl group in 
contact with the substrate and pulls this group away from it. It is rather 
to be expected that, as a result of thermal agitation, molecules which are not 
firmly anchored to the substrate spontaneously overturn from time to time, 
but normally, if there is no drop of water on the surface, they remain for 
extremely short time intervals with their carboxyl groups on the upper surface, 
so that, at any given time, there will be only a negligible number of molecules 
with this reversed orientation. When, however, a drop of water is on the sur- 
face, the carboxyl groups of those molecules which do spontaneously overturn 
will remain for a long time in contact with the water. 

In recent years this theory of overturning and anchoring has helped to 
explain many puzzling phenomena observed with deposited monolayers 
(Langmuir 19388). 


Building of Multilayers 


Dr. Katherine B. Blodgett (1955, 1937), in my laboratory, found that 
monolayers of stearic acid (spread upon ordinary tap water, containing 
calcium and magnesium bicarbonates, pH 7.2) could be deposited in suc- 
cessive layers on to a glass plate dipped repeatedly into the water. It was 
necessary to maintain the monolayer under a compression of 10-30 dynes/cm, 
which was first accomplished by the continued motion of a barrier. 

Later we found that a convenient automatic method of maintaining a con- 
stant compression of the stearic acid monolayer consisted in the use of a ‘‘piston 
oil” or liquid substance which exerted a constant surface pressure. For example, 
a small drop of oleic acid spreads on the surface whenever the spreading force 
F is less than about 29 dynes/cm. Castor oil used in a similar way gives 
a constant surface pressure of F = 16 dynes/cm. 

The technique for building multilayer films is illustrated in Fig. 4. The 
surface of water in the trough T is first cleaned by sweeping the metal bar- 
rier B over the surface into the position shown in Fig. 4a. A waxed silk thread 
S, is attached by small metal clips C to the edges of the tray and the thread 
is laid upon the surface of the water in the form shown. Stearic acid dissolved 
in about 300 parts of benzene is placed on the surface near G and, as the stearic 
acid spreads, it pushes the thread before it as shown in Fig. 4b. After the 
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spreading has ceased the thread is fastened to the edge of the trough by two 
small copper hairpins F, Fig. 4c. A tiny drop of piston oil is now placed 
on the surface at P. This presses against the thread and exerts a constant 
pressure on the stearic acid monolayer. A thread S, is laid in the position 
shown in Fig. 4d, so that if piston oil accidentally passes S, it will remain 
in the area between S, and S,. The process of depositing successive monolayers 
upon the plate dipped into the water in the position marked G is then begun. 
Each layer that is deposited uses up some of the stearic acid monolayer on 
the water so that the thread moves forward through an area equal to the total 
area of the slide, front and back (see Fig. 4). 





a b c d e 


Fic. 4. Use of a waxed thread to mark the boundary of a mono- 
molecular surface film. 


To build multilayers from stearic acid monolayers most easily, there should 
be present in the water a low concentration (about 3 x10-5 M) of salts of 
divalent cations such as barium, calcium, cadmium or lead. Multilayers are 
more easily formed when the pH is greater than 6. 

Using a solution in the trough containing 3 x10-°M barium chloride 
adjusted to pH 7.2 by the addition of 4x10-*M potassium bicarbonate, 
multilayers consisting of many hundreds or even thousands of monolayers 
can be built up. With this solution a new layer is deposited during each 
down-trip and each up-trip of the plate through the water surface, except 
that, as already described, no layer is deposited on the first down-trip. The 
layers are preferably deposited at the rate of about 20 or 30 layers per minute. 
Multilayers of this type in which two layers are deposited during each round- 
trip we have called Y-layers. 

If the solution is made more strongly alkaline, pH 9, layers are deposited 
during the down-trips and not during the up-trips; such layers we have called 
X-layers. 

The process of depositing successive Y-layers upon a plate is illustrated 
by Fig. 5. In this case the plate has been rendered hydrophobic by placing 
some molten ferric stearate on the surface and rubbing it vigorously with 
a clean towel, which removes all but one layer of ferric stearate molecules, 
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this layer being held too firmly to be removed in this way. Under these con- 
ditions, as shown in Fig. 5B, the first monolayer is deposited on the first 
down-trip. The following up-trip, Fig. 5C, causes the deposition of the second 
layer; the next down-trip, Fig. 5D, gives the third deposited layer. 

It is noted that the successive monolayers are thus oriented in opposite 
directions so that the barium atoms are located close to parallel planes having 
a spacing twice the thickness of the monolayer. X-ray diffraction patterns 
(Holley and Bernstein 1937) have proved that the planes containing the 
barium atoms are spaced 48.8 A apart, while optical measurements, which I 
will describe later (Blodgett and Langmuir 1937), show that each monolayer 
has a thickness of 24.4 A. We thus have positive proof that in these Y-films 
the layers are alternately exotropic and endotropic (heads facing outwards, 
and heads facing inwards). 





Fic. 5. Formation of multilayers of molecules. 


The method of deposition of X-films suggests that they consist of a series 
of exotropic layers. However, in this case one would expect the surface to be 
hydrophilic, but actually the contact angles shown by a drop of water on 
X-films are about the same as for Y-films. Furthermore, X-ray studies have 
shown that the spacings between layers of barium atoms in X-films are the 
same (48.8 A) as in the Y-films. It is certain, therefore, that in the formation 
of the X-films there must have been a complete rearrangement of the molecules, 
involving the overturning of whole molecular layers. In fact it seems necessary 
to postulate that half the layers overturn once, while the other half must over- 
turn twice, during the building up of these multilayer films (Langmuir 19386). 

Porter and Wyman have found that potentials of about 70 mV per layer 
are produced in the building of X-films, so that with 170 layers surface po- 
tentials of over 9 V were obtained. This seems to indicate that each layer 
carries similarly oriented dipoles and suggests a succession of exotropic layers, 
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contrary to the X-ray evidence. Later experiments showed that the surface 
potentials depended principally upon whether the outside layer of the multi- 
layer had been deposited as an X- or a Y-layer. The evidence therefore indicates 
that the surface potentials are due to a surface electrification produced by 
the recession of water from the hydrophobic surface during the withdrawal 
of the plate (Langmuir 1938a). In the case of the Y-films there is no recession 
of the water from the surface, since the water escapes from under the film 
that is deposited during the up-trip. In this connexion it is interesting to note 
that an even greater surface electrification is obtained when a metal plate 
covered with a thin film of solid paraffin is withdrawn from a trough containing 
clean water. 


Optical Properties of Multilayers 


In our first experiments with the building of barium stearate monolayers 
these films were formed upon microscope slides. We knew from the dis- 
appearance of the monolayer on the water that multilayers were being formed 
on the glass and we expected to be able to see interference colours like those 
observed with soap bubbles when the films were built up to a thickness 
of a quarter or half a wave-length of visible light, but we were surprised 
to find that no such interference colours occurred. This failure to obtain 
interference effects was due to the lack of reflexion from the interface between 
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Fic. 6. Intensity minima for monochromatic light reflected from 
a step-series of barium stearate films built on a polished chromium 
surface. Angle of reflexion is 80°. Wave-length of light is 5893 A. 


the multilayer and the underlying glass because the refractive index of the 
film and the glass happened to be the same. When we used a glass of higher 
refractive index we were rewarded with brilliant colours. Even better colours 
are obtained when the films are deposited upon a polished chromium-plated 
surface, but in this case strong colours are obtained only at large angles of 
incidence such as 70-85°. The colours are much more brilliant when polarized 
light is used for their observation. 

Fig. 6 illustrates the intensity of monochromatic light from a sodium va- 
pour lamp, reflected at an angle of incidence of 80° from a chromium-plated 
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surface covered with barium stearate multilayers of various thicknesses. When 
the light is polarized with its electric vector perpendicular to the plane of 
incidence there is a sharp minimum in the intensity of the reflected light 
at the thickness equal to that of 49 barium stearate layers. The next sharp 
minimum occurs at 157 layers. When the light is polarized parallel to the 
plane of incidence the minima occur at 98 and 203 layers. 

Fig. 7 gives in greater detail the shape of the curve near the minimum 
of reflexion. It shows also that the position of the minimum depends upon 
the angle of incidence. This fact may be made use of to obtain extremely 
accurate measurements of the thicknesses of these multilayer films. 





Fic. 7. Intensity minimum for step-series of films of barium 
stearate built on polished chromium. Films seen by ray R, of 
sodium light at angles of incidence i = 80 and 73°. 


By dipping a chromium-plated slide to a succession of different depths 
during the building of multilayers one can obtain plates covered by multi- 
layers that from a series of steps, each step differing in thickness by two layers 
from the adjacent steps. We can then adjust the angle of incidence until 
two adjacent steps (47 and 49 layers in Fig. 7 at 73°) are made to match 
in intensity so that the dividing line between them disappears. This matching 
of adjacent steps can be done so accurately that a change in thickness of 
only 2 A is easily detectable. 

The ordinary equations of classical optics then make it possible to cal- 
culate the thickness of the multilayer films if the refractive index of the film 
is known. Dr. Blodgett has devised several methods of determining the refrac- 
tive index from measurements on the films themselves. 

These measurements of the film thicknesses depend upon the building 
up of a known number of layers into a film of critical thickness, corre- 
sponding to one of the sharp minima in Fig. 6. For most purposes we use 
the minimum near 48 layers which corresponds to an optical thickness of 
one-quarter wave-length. 
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The sharpness of the minima in Fig. 6 is due to a series of internal reflex- 
ions between the top and bottom surfaces of the film. 

These optical studies of barium stearate films have shown that the multi- 
layers constitute uniaxial crystals with the optic axis perpendicular to the 
plane of the film. Such uniaxial crystals are characterized by two refractive 
indices. For the barium stearate films we have found n, = 1.491 and n, = 1.535. 

Electron refraction studies by Germer and Storks have shown that the 
barium stearate monolayers actually form hexagonal crystals with the axis 
perpendicular to the plane of the film. 


Skeleton Films 


The barium content of barium stearate films depends upon the pH of 
the solution, the concentration of barium salts and the concentration of other 
salts such as sodium or potassium which have an antagonistic action. When 
the barium content is low the multilayers formed contain stearic acid, ap- 
parently in solid solution, which can be dissolved out of the multilayers 
by dipping these for a short time in benzene to which 1% of 90% ethyl alcohol 
has been added. If the amount of stearic acid in the film is not over about 
60%, the film remains optically clear after the removal of the stearic acid, 
but the interference colour may be completely changed. Optical measurements 
prove that this change in colour is due not to a change of thickness but to 
a change of refractive index; there is less than 1% change in thickness even 
when half of the material of the multilayer is dissolved away. The neutral 
barium stearate thus remains as a skeleton containing voids in place of 
the stearic acid molecules which have been removed. 

Skeleton films of this kind are particularly stable when formed from cad- 
mium arachidate obtained by spreading arachidic acid on water containing 
cadmium chloride. With this substance, however, the free fatty acid should 
be dissolved out with ethyl alcohol. 

If a drop of petrolatum or other hydrocarbon be placed upon a skeleton 
film, and the film then tilted to a vertical position, the drop moves slowly 
across the surface leaving the surface apparently free from any thick film 
of oil. The colour of the film, however, is restored in this way to that of the 
original unskeletonized film. The thickness is therefore still the same as before, 
but the refractive index has been raised to that of a normal stearate multi- 
layer. It is thus evident that the hydrocarbon penetrates the skeleton and 
fills the voids originally occupied by fatty acid. This hydrocarbon can now 
be dissolved out by benzene giving again the same skeletonized film as before. 
The pores of the skeleton can thus be filled at will by a succession of organic 
substances, without causing a collapse of the skeleton. 

It is particularly remarkable that the hydrocarbon chains in the stearate 
molecules of the skeleton films should show such apparent rigidity in spite 
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of the large surface-tension forces that should tend to cause a collapse of 
the molecules into an amorphous; mass. When7one thinks of the flexibility 
of the chains which is exhibited in duplex films and in the overturning of 
whole molecular layers in the building of X-films it does seem extraordinary 
that skeleton films containing 50%’of voids should be so stable. If one heats 
a skeleton film to 50 or 60°C there is, of course, a collapse as indicated 
by a decrease of thickness and by a marked scattering of light. It is also 
peculiar that a skeleton film containing petrolatum is not wettable by petro- 
latum but that it peels back from such a surface with a contact angle of 
about 30°. 

Skeleton films can adsorb hydrocarbon vapours or vapours of other orga- 
nic liquids and undergo a change of refractive index. Since a measurement 
of the number of layers required to give a minimum reflexion at a given 
angle of incidence provides a very accurate method of measurement of refractive 
index, it becomes possible to measure quantitatively the amount of any vapour 
adsorbed in this way by the skeleton film. 

We shall see that skeleton films can be covered by monolayers of other 
substances such as proteins or layers of unskeletonized metallic stearates 
One can then observe the rate at which organic liquids or vapours can pene- 
trate through such blanketing films into the underlying skeleton. Such 
methods should be useful to measure the permeabilities of many substances 
of biological interest. 

By treating a skeleton film under water with certain wetting agents such 
as sodium dioctyl sulpho-succinate, it is possible to render the pores of a ske- 
leton hydrophilic so that water and salt solutions can penetrate into the skeleton. 
The refractive indices can then be measured while the film is under water. 
The water in the pores can also be displaced by alcohol or other water- 
soluble organic liquids and the change in refractive index can be determined. 
The measurement of the refractive index under water is best made when 
the film is deposited upon glass of the proper refractive index rather than 
upon a chromium surface. 

By changing the metallic ion content of the water from which stearate 
films are built up, and by skeletonizing the resulting monolayers, one can 
obtain skeletons having refractive indices that have any desired value be- 
tween 1.18 and 1.51, and, by controlling the number of layers, one can obtain 
films of any desired thickness. 


Non-Reflecting Glass 


Dr. Blodgett has recently used this technique of building skeleton films 
to produce on the surface of glass a film which has a refractive index equal 
to the square root of the refractive index of the glass. The intensity of the 
light reflected from the upper surface of the film is thus the same as the in- 
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tensity of the light which has been reflected from the boundary between the 
film and the glass, and has passed through the upper surface of the film. 
If now the optical thickness of the film is chosen to correspond to one-quarter 
wave-length of sodium light, then at normal incidence reflected light of this 
wave-length is completely extinguished by interference. If both surfaces of 
a glass plate are treated in this way the glass becomes completely non-reflecting 
and therefore invisible. 





Fic. 8. Meter with glass cover with half its surface made non- 
reflecting by built up skeletonized multilayers. 


Fig. 8 illustrates an electric meter covered with a plate of ordinary glass, 
half of which is rendered non-reflecting in this manner. The photograph 
was taken facing an open window so that the reflexion of the sky from the 
untreated glass surface makes it impossible to read the figures on the dial, 
while the absence of reflexion from the treated surface makes these figures 
visible. Of course such glass, since it reflects less light, transmits correspon- 
dingly more. 


Conditioning of Stearate Multilayers 


The surface of barium stearate multilayers is remarkable in that it is both 
hydrophobic and oleophobic, that is the surface is not wettable either by 
water or by oil, but measurable contact angles are obtained with drops of 
both substances. It seems peculiar that the hydrocarbon oil should not 
be able to wet the hydrocarbon surface of the endotropic stearate layer. The 
oleophobic property probably depends upon the closeness of packing the 
hydrocarbon chains, for if a stearic acid monolayer is applied to glass in other 
ways giving less close packing the film is readily wettable by oil. The mole- 
cules of multilayers which have been deposited from condensed stearic acid 
films on water have nothing but their CH, groups exposed at the surface, 
whereas with less closely packed molecules the CH, groups: constituting the 
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sides of the chain can come into contact with the CH, groups of a drop of 
hydrocarbon placed on the surface (Langmuir 1934). 

Since the stearate multilayers have so little affinity both for water and 
for organic liquids, one would not expect to be able to adsorb many sub- 
stances upon the surfaces of these monolayers. It has, however, proved pos- 
sible to modify or condition the surface of the multilayers so as to render them 
capable of adsorbing many water-soluble substances (Langmuir and Schaefer 
1937a, 1937b). We have found that 10-?M aluminium chloride, thorium 
nitrate or uranium nitrate, within 30 sec, causes the overturning of the up- 
permost endotropic layer of a Y-type multilayer of barium stearate making 
it exotropic and hydrophilic. If this is then washed with water, and without 
drying is brought into contact with a solution containing many substances 
of biological interest, such as proteins, the polar groups formed by the alumi- 
nium or thorium atoms serve to bind or adsorb these substances. If the plate 
has a multilayer of nearly critical thickness, then when it is removed from the 
solution, washed with water and dried, there will be an increase of thickness 
which serves as a measure of the amount of adsorbed substance taken up by 
the conditioned plate. Since the thicknesses of about only 2 A can be measured 
in this way it is evident that this technique enables us to see with the unaided 
eye adsorbed films even if these consist of only a single layer of atoms. 

By treating a barium stearate plate, conditioned with thorium, with a bile 
acid such as desoxycholic acid it is possible to render the plate highly oleophilic 
while it still remains hydrophobic. A plate conditioned in this way can ad- 
sorb hydrocarbon vapours giving increases in thickness which are not otherwise 
observed. 


Deposition of Monolayers of Various Substances 


Any substance which spreads on water to form an insoluble monolayer 
can be deposited upon a properly conditioned plate of barium stearate of 
critical thickness, and the increment of thickness can be used to determine 
quantitatively the amount of the substance per unit of area in the monolayer. 
It is sometimes possible to increase the accuracy by the deposition of many 
successive monolayers. In this way we have studied chlorophyll (Langmuir 
and Schaefer 1937c), several sterols (Langmuir, Schaefer and Sobotka 1937) 
and many proteins (Langmuir, Schaefer and Wrinch 1937). In general the 
amount of material per unit area in the deposited film is the same as that ~ 
in the monolayer from which it is formed, but this is not true in all cases. 
The area of the monolayer that is consumed during the deposition may be 
compared to the area of the plate on which the layer is deposited. In this way 
the deposition ratio can be obtained. 

This technique of monolayer deposition is particularly useful for deter- 
mining the amount of material adsorbed on the surface of water when one 
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does not know in other ways how much material is present on the surface. 
For example, many proteins are soluble in water, but if one introduces the 
protein into the water an insoluble monolayer is built up on the surface. How- 
ever, one does not know whether all of the protein that was introduced 
has actually gone into the monolayer. By determining the deposition ratio 
and the thickness of a deposited film it becomes possible to know just how 
much protein there is per unit area in the adsorbed film on the water surface. 

We have used this method in some studies of the effect of digitonin upon 
several sterols such as cholesterol and epicholesterol. The digitonin has two 
effects on cholesterol (Schulman and Rideal 1935); first it penetrates between 
the cholesterol molecules and forces them apart and, secondly, it becomes 
adsorbed underneath the cholesterol molecules. It is difficult, however, to 
determine just how much cholesterol is adsorbed in this way below the film. 
The deposition technique gives a direct experimental method of measuring 
the total amount of digitonin and so gives us complete data for a direct de- 
termination of the composition and structure of the film. 

The marked differences that were found in the behaviour of epicholesterol 
and cholesterol serve to indicate that the properties measured by these 
methods are highly specific and should be, therefore, particularly valuable 
in connexion with the study of biological systems. 

Most oil-soluble organic dyes form good monolayers and can be built 
up into multilayers. Very often a single monolayer on water gives a distinct 
colour usually the complementary colour to that seen by transmitted light. 
Chlorophyll gives particularly good multilayers, but neither the monolayers 
nor the multilayers of this substance show fluorescence, although the amount 
in a monolayer, when dissolved in benzene, is ample to give marked fluorescence. 


Protein Monolayers 


A large number of proteins which are soluble in water or alcohol-water 
mixtures, can be spread on the surface of water to give insoluble monolayers 
which show a remarkable reversible compressibility over a range of areas 
covering a ratio often as great as 5 to 1. According to Gibbs’s equation, if 
the monolayer were in equilibrium with the underlying water, the solubility 
should increase by the enormous factor of 10! when a surface pressure of 
15 dynes/cm is applied. The fact that measurable solubility does not occur 
even with the increased pressure proves that the spreading of the protein 
from solution is an irreversible process. Fig. 9 gives the force-area curve which 
we have obtained for insulin, pepsin and wheat gliadin. In this figure the 
abscissae represent, not the area of the molecule, but the area in sq. m per mg. 
The protein was spread by applying a measured volume of solution along 
the edge of a nickel band having a length nearly equal to the width of the 
trough and then lowering this edgewise into the water. We found that this 
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method favours the complete spreading of the protein. The points marked 
by crosses correspond to determinations of the amount of the protein per unit 
area by the measurement of the thickness of deposited monolayers. In the case 
of insulin and pepsin these points agree with those obtained by direct weighing 
of the applied protein. In the case of the wheat gliadin the disagreement, of 
about 30%, indicates that this fraction of the gliadin went into solution in 





Fic. 9. F-a curves of proteins. 


the water instead of spreading on the surface. The true curve therefore giving 
the area per mg as a function of the surface pressure should therefore be 
displaced by multiplying the abscissae by 1.5 giving the curve shown by the 
dashed line. 

It has often been thought that the force-area curves of most proteins are 
substantially alike. These data, however, show that there are marked character- 
istic differences and that the curves may even cross one another. 


Expansion Patterns 


An extremely simple and useful technique for the detection and identifi- 
cation of proteins has been developed by V. J. Schaefer (1938). A coloured 
film of indicator oil is allowed to cover about half of the free surface of. the 
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water in a trough, so there is no surface pressure. Some of the protein is ap- 
plied in the centre of the patch of indicator oil either as a solution or, 
by Hughes and Rideal’s method, as a solid fragment of protein. Egg albumin 
spreads out to give an invisible film about 8 A thick whose outline 
is made visible by the indicator oil. With this protein the outline is very 
irregular, appearing like the profile of thunderheads or large cumulus clouds. 
If now a small drop of indicator oil on a wire is touched to the centre of 
the patch of protein, this is torn open giving a star-shaped pattern of indicator 
oil, We have not found any other protein that gives this particular appearance. 
Pepsin, for example, spreads to form a circular disk which tears in usually 
four- or five-pointed stars when the indicator oil is placed on the centre, 
thus differing from egg albumin in the shape of the outline produced by 
the spreading protein. Insulin gives a circular disk for the spreading protein 
with an internal circular spot for the spreading indicator oil. Wheat gliadin 
spread from the solid gives a characteristic ragged outline both for the inner 
and outer boundaries. 

Tests can also be made in which indicator oil patterns are obtained after 
compression of the protein’s monolayer to definite surface pressures. Some 
protein monolayers increase very much more rapidly than others in viscosity 
as the surface pressure is raised. 

If any protein which gives other than a circular expansion pattern is de- 
natured by heat, ultra-violet light or by shaking in a bottle, the progress 
of the denaturation can be followed by the changes in the type of the 
expansion patterns. The decreased area which the protein spreads as it 
becomes more highly denatured can also be measured quantitatively. It ap- 
pears at once from these observations that the products obtained by different 
kinds of denaturation behave differently: a result in conflict with many 
statements about denaturation. 

The amount of protein needed to produce an expansion pattern need only 
be about 10-7 g and the time taken for the test is often less than a minute. 


Viscosities of Monolayers 


If a small disk of metal 1 in. in diameter is suspended by a fine wire so 
that it lies horizontally on the surface of water in a trough, oscillations of 
the disk, or displacements due to forces applied by torsion of the wire can 
give quantitative measurements of the viscosities, the elastic properties and 
the shearing strength of protein monolayers. Different proteins give viscosities 
which vary by factors which may by as great as one million. 

In general the viscosity increases rapidly with the surface pressure. At 
F=6 dynes/em the surface viscosity for several protein layers is: 0.001 
for wheat gliadin, 0.002 for zein, 0.021 for insulin, 0.12 for trypsin, 0.31 for 
trypsinogen and more than 2.0 for pepsin, pepsinogen, edestin and horse 
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globulin. At a pressure of F = 10 dynes/cm the viscosities are in general 
about three times as great as F = 6. With casein the films are very fluid 
below F = 10 but increase many thousandfold as the pressure is increased 
between 16 and 19 dynes/cm. Edestin and horse globulin form films that 
are so viscous that the oscillating disk method cannot be used. At pressures 
of 10 dynes/cm or more films of these proteins can stand considerable stress 
without allowing the disk to rotate. They thus behave as plastic solids rather 
than fluids. 

The measurements of viscosities or other mechanical properties under 
given conditions are very reproducible and appear to be highly charac- 
teristic of the different proteins and are very easily made. They provide 
a sensitive quantitative method for studying changes produced in proteins 
by various processes of denaturation. 


Reactivities of Protein Monolayers 


When a dilute aqueous solution of a protein is shaken vigorously in a 
bottle for a few minutes the protein is found to be denatured. For example, 
when an enzyme such as pepsin is given this treatment it loses its power to 
clot milk or to digest other proteins. 

Since monolayers are formed on the surfaces of the bubbles produced 
when the solution is shaken it has been thought that the denaturation is 
due to the formation of the monolayer on the surface, and therefore denatu- 
ration of this type has been called surface denaturation. 

It must be recognized, however, that during the shaking of a protein 
solution bubbles are not only formed but also break and, when they do, 
the monolayers on the surface must be crushed together just as a protein 
monolayer is crumpled when it is skimmed off the surface of a trough by 
a moving barrier. The denaturation observed by shaking may therefore 
be due not to the formation but to the destruction of the monolayer which 
occurs when the bubbles break. 

Gorter (1937) has transferred monolayers of pepsin and trypsin to a 
casein solution and found that these enzymes, after having been in the form 
of monolayers, showed about three-quarters of the activity of the same amount 
of native protein. 

Schaefer and I (Langmuir and Schaefer 1938) have made a detailed 
study of the reactivity of pepsin which has been spread on water, has then 
been deposited on a metallic plate, washed with water and transferred to a 
given volume of skimmed milk. We have found that within a few seconds 
after the plate carrying the deposited monolayer is placed in milk, while 
being shaken, the pepsin is detached from the plate into the milk where it 
gives an activity which is usually from one-half to three-quarters as great 
as the same amount of pure native pepsin. The activity may in fact be several 
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times greater than that of an originally impure pepsin, which indicates that 
the impurities in commerical samples of pepsin do not spread as easily as the 
pure pepsin. There is thus a purification involved in the spreading process. 

These experiments do not directly prove the reactivity of the protein 
monolayer itself, they show rather that there is something in the milk, which 
converts the protein monolayer into the globular form of the native protein. 
We hope to identify the substances in milk which produce this effect. 

We have also measured the power of monolayers of urease to decompose 
urea into ammonia. Although qualitative tests readily show the production 
of ammonia by the deposited urease monolayers, more recent experiments 
have indicated that the activity is usually less than 5% of the activity of 
the corresponding amount of the native protein and that this activity de- 
creases considerably the longer the monolayer is allowed to stand on water 
before being deposited. It is therefore possible that the activity that has been 
observed with urease monolayers is due to an adsorption or mechanical entrap- 
ment of the globular protein by the monolayer. Experiments are being continued 
to investigate this point more fully. 

Qualitative measurements have shown that monolayers of catalase are 
able to decompose hydrogen peroxide. We have, however, no proof that this 
is not due to a certain number of molecules of native protein deposited with 
the monolayer. 

The molecules of native pepsin are nearly spherical and have a diameter 
of about 35 A, whereas the monolayers produced by the spreading of pepsin 
at F = 0 have a thickness of only about 8 A. Since proteins are so sensitive 
to influences which modify their molecules it would seem extraordinary if 
the formation of a monolayer does not denature the protein. It is therefore 
particularly important to investigate thoroughly the nature of the process that 
permits pepsin monolayers to clot milk. 


Structure of Protein Monolayers 


The extreme insolubility of protein monolayers even under compression, 
as compared to that of many native proteins, implies that the monolayers 
have a radically different structure from that of the globular proteins. 

We have seen that oil-soluble substances spread on water because of the 
presence of hydrophilic groups but that water-soluble substances (such as 
the proteins) can spread on water only because of the presence of hydrophobic 
groups. The high solubility of the native proteins, however, indicates that 
these hydrophobic groups are not on the outside surfaces of the molecules, 
for if they were, the tendency of hydrophobic groups to coalesce would bind 
the molecules together and render them insoluble. It is, of course, possible 
that such proteins as gliadin and zein which are insoluble in water but soluble 
in dilute alcohol have a certain number of hydrophobic groups on their outside 
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surfaces. It seems necessary to conclude, however, that the hydrophobic 
groups in the water-soluble proteins are packed away inside of the molecule 
just as the hydrophobic groups within a micelle of soap are packed into the 
interior of the micelle whose outside surface is covered with hydrophilic 
groups. 

The spreading of the protein on water to form a monolayer thus involves a 
tearing open of the molecule by which the hydrophobic groups are permitted 
to occupy positions at the air-water interface. The lowering of surface tension 
of water by soap involves an exactly similar tearing open of micelles. 

The very high reversible compressibility of the protein monolayers on 
water which resembles that of the expanded films of fatty acids (but is 
reversible over a much wider range of areas) suggests that the protein 
monolayers, like the expanded films, consist of duplex films in which there 
are groups that act as two-dimensional gas molecules. The ordinary view 
of the structure of proteins is that they contain long polypeptide chains 
consisting of a series of amino-acid residues arranged end to end. Some of 
these residues, such as that of leucine, contain hydrophobic groups. Such 
groups would attach themselves to the air-water interface so that each poly- 
peptide chain would be anchored to the surface at many places along its length, 
while the hydrophilic groups which are predominant along the chain would 
permit the rest of the chain to form loose folds in the water. The hydrophobic 
groups would thus act as two-dimensional gas molecules but would be prevented 
from spreading indefinitely over the surface because they are bound into 
polypeptide chains. The structure thus is like that of a gas whose molecules 
are free, except that they are tied together by weightless, flexible strings 
which prevent indefinite expansion. 

When the protein monolayer is compressed sufficiently the hydrophobic 
groups may become so crowded in the surface that some of them are forced 
to go into the underlying water, but they cannot go into true solution for they 
are bound to the surface through the chains which attach them to other hydro- 
phobic groups in the surface. 


Relation to Cyclol Theory of Protein Structure 


According to Dr. Wrinch’s cyclol theory the globular proteins consist of 
amino-acid residues which are built into a fabric folded over the surface 
of a polyhedron, thus giving a cage-like structure. Such a model explains 
how the hydrophobic groups can be tucked away in the interior of the molecule. 
It would indicate also that globular proteins have highly symmetrical molecules 
This is in accord with the X-ray data which show that protein crystals are 
of very high symmetry and the symmetry resides not only in the crystal 
as a whole but in the molecule (Bernal 1937). A polyhedral cyclol molecule 
could be torn open, so as to enable the hydrophobic groups to spread as a mono- 
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layer, only by the breaking of cyclol bonds, leaving, however, the peptide 
links of the polypeptide chains. 

The properties of the protein monolayers do not seem to give any indication 
of a dorsi-ventral rigid cyclol fabric. The striking contrast of properties 
between the globular proteins and the monolayers formed from them, and the 
irreversibility of this unfolding, are best explained by the breakdown of the 
cyclol structure of the globular proteins into the polypeptide structure of the 
monolayers. 


Protein S-Layers 


Barium stearate multilayer plates, conditioned by thorium nitrate, can 
adsorb proteins from solution. It seems probable that the globular mole- 
cules become attached by their outside surfaces to the polar thorium atoms 
on the plate and that this does not involve an unfolding or tearing open of the 
protein molecule and so does not cause denaturation. Preliminary tests with 
toxins and anti-toxins and some later experiments by Schaefer at Harvard 
with pneumonia sera and polysaccharides have shown that high specificity 
is retained by the proteins. I do not feel that my knowledge of biology is sufficient 
to contribute directly in studies of this kind. It would seem, however, that 
the direct optical determination of the amount of protein adsorbed upon 
surfaces by other proteins which are known to react should be a valuble research 
tool for the biologist. 


Conclusions 


In this lecture I have attempted to give a general survey of the properties 
of monolayers and multilayers and of the experimental techniques which 
these provide for the study of many phenomena, particularly in the field of 
biology. 

There appears to be a whole world of two-dimensional phenomena which 
are analogous in many ways to those of the three-dimensional world. The 
experimental techniques for handling these two-dimensional systems are 
unusually simple. They enable us to make measurements in a very direct 
way of molecular sizes and shapes and permit us to study the forces that act 
between particular parts of molecules. They are thus admirably adapted for 
the study of structures of complicated molecules. I believe they will find 
important applications in the rapidly growing science of megamolecules. 


Summary 


The forces between molecules of organic liquids of non-ionic type are 
ordinarily of such short range that they act only when the molecules are in 
contact. The magnitude of the force depends mainly upon the area, and the 
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nature, of the two contacting molecular surfaces. This principle of independent 
surface action has been a useful guide in the development of theories of surface 
tension phenomena and should be equally valuable for theories of vapour 
pressures and solubilities. It leads directly to the concept of molecules having 
hydrophobic and hydrophilic parts which spread as oriented monolayers 
on a water surface. 

Such monolayers can have the properties of two-dimensional gases, liquids 
or solids. A type of film called a duplex film, having no three-dimensional 
analogue, has two interfaces (an upper and a lower), which are separated by 
a thin three-dimensional layer (the interstratum). 

Expanded films, such as monolayers of myristic acid on acidulated water, 
are duplex films in which the interstratum is a hydrocarbon liquid. The lower 
interface contains all the hydrophilic groups. These, because of therma 
agitation, constitute a two-dimensional gas that exerts a surface pressure 
causing the expansion of the film. 

Many proteins, although very soluble in water, form remarkably insoluble 
monolayers which are duplex films. The interstratum consists of polypeptide 
chains which form loose loops attached at intervals to the upper interface by 
hydrophobic groups. These give to the upper interface the properties of a 
two-dimensional gas. When the monolayer is compressed, some of the hydro- 
phobic groups are driven from the upper interface into the interstratum. 
The irreversible formation of the monolayers indicates that the globular proteins 
have an entirely different structure and gives support to the cyclol theory. 

The viscosities and elasticities of monolayers furnish information regarding 
the cross-linkages between the chains. 

Stearic acid spread on water containing traces of barium salts gives mono- 
layers which can be deposited by a dipping process upon solid plates. By 
successive dips, any number of layers, up to 3000, can be built up. Optical 
measurements, involving interference of light reflected from the top and 
bottom surfaces, give accurately the thickness of the film. 

Single monolayers of various substances, deposited upon barium stearate 
multilayers of critical thickness (about one-quarter wave-length), are readily 
visible to the naked eye because of the change of colour. With monochromatic 
light the thickness of the monolayer can be measured to within about 2A. 

The barium stearate multilayers are both hydrophobic and oleophobic 
{non-wettable by oil). Dipping into dilute solutions of thorium nitrate causes 
an overturning of the outside layer of molecules, making the surface polar 
and hydrophilic. Such conditioned surfaces can absorb many organic substances 
from solution, giving observable increases of thickness. This technique serves 
as a valuable tool in biological investigations. 

Free stearic acid in barium stearate multilayers can be dissolved out by 
dipping the film into benzene containing 1% alcohol, leaving a skeleton of 
unchanged thickness, but of refractive index which may be as low as 1-2. 
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The application of a drop of oil fills the pores of the skeleton without wetting 
the surface and restores the original colour. Films of many substances may 
be deposited upon skeleton films and the permeability of the deposited films 
to liquids or vapours can thus be measured optically. 
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Vol. CLXXI, No. 1 (1938). 


J. Witiarp Gress proved that if any substance added to a pure solvent gives 
a solution whose surface tension decreases as the concentration of the solute 
increases, there must be an accumulation or adsorption of solute molecules 
in the free surface. 

Similar adsorption can occur at other phase boundaries. With solid-gas 
or solid-liquid interfaces, although we cannot observe directly the lowering 
of surface tension, we can often detect the presence of the adsorbed film in 
other ways. The adsorption of gases by charcoal cooled in liquid air and the 
adsorption of vapours by silica gel are familiar examples. 

With porous substances of this kind there is difficulty in determining the 
extent of the area of the solid-gas interface. With plane surfaces of solids, 
preferably cleavage surfaces such as those given by mica or calcite, the area 
is known, but the amount adsorbed is so small that it is not easily measured. 
However, with gases at low pressures and sensitive manometers, one can 
measure the amount of gas adsorbed per unit area. 

The presence of adsorbed films on plane surfaces is frequently indicated 
by marked changes in many of the properties of the surface. For example, 
in the case of metals, minute amounts of certain adsorbed gases alter the contact 
potential and produce enormous changes in electron emission and catalytic 
activity. These films often behave as catalytic poisons in heterogeneous gas 
reactions. Films of many organic substances adsorbed on solids modify the 
contact angles observed when a drop of liquid is placed on the surface. 

To understand effects of this kind we need to know the nature of these 
adsorbed films. We should know, for example, what types of force hold the 
adsorbed substance on the surface, how thick is the film, what is the arrange- 
ment of molecules or atoms within the film, and how do the properties of the 
film depend upon this structure. Since the forces at air-liquid or liquid-liquid 
interfaces do not differ essentially from those at air-solid or liquid-solid in- 
terfaces, any theoretical or experimental knowledge that we may acquire with 
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regard to any one type of interface should help us in developing a general 
theory of adsorption phenomena. Thus, studies of surface tension, even of pure 
liquids, should throw light on the nature of the forces which cause adsorption. 

Early theories of surface tension (Thomas Young, 1805; Laplace, Gauss, 
etc.) treated liquids as continuous fluids between whose elements of volume 
forces acted. Much later, van der Waals, in his theory of the continuity of 
the liquid and gaseous states, analysed the nature of the surface in more detail. 
In these theories the forces between the molecules or the elements of volume 
within the liquid were thought to be physical forces resembling in many ways 
gravitation or the interaction between electrically charged particles. They 
were assumed to be forces that acted at a distance through intervening matter, 
unaffected by the presence of that matter. The transition between liquid and 
vapour phases at an interface was thus taken to be continuous, without any 
abrupt change in the density or other properties. 

Similarly, in the early theories of adsorption the film was assumed to have 
a structure analogous to that of the atmosphere of the earth, the forces exerted 
upon the molecules by the substrate playing the réle of gravitation in the 
atmosphere. The molecules, however, were taken to be spheres which exerted 
forces on other molecules according to some function of the distances between 
molecular centres. Such theories could not take into consideration the wealth of 
knowledge of chemical structures which organic chemists had already obtained. 

Nature of Forces. The forces that hold bodies together in our three-dimen- 
sional world have been given many names. The so-called chemical forces, 
which correspond to covalent bonds, act between atoms within molecules, as, 
for example, between carbon and hydrogen atoms in molecules of methane. 
These forces are characterised by their specificity, being dependent upon 
the particular nature of the atoms that are joined and even upon the neigh- 
bours of these atoms. Electronic resonance may greatly modify the magnitude 
of the forces. 

The familiar van der Waals forces, such as those that are involved in the 
liquefaction of methane at low temperatures, are non-specific attractive forces 
which result from the mutual interactions of electronic shells. 

For stable equilibrium, attractive chemical forces and van der Waals forces 
must be balanced by repulsive forces which prevent the interpenetration 
of electronic shells and so keep the molecules from coming too close together. 

Since atoms and molecules are built of electrons and atomic nuclei, it has 
long been recognised that all forces within matter are essentially electrical 
in nature. However, the three types of force which we have just discussed 
are so intimately associated with quantum phenomena that the electrical aspects 
are not apparent to the chemist. Electric forces which are more strictly of the 
Coulomb type, varying according to the inverse square law, have become 
increasingly important within recent years. Thus according to the older theory 
of electrolytic dissociation, positive and negative ions in aqueous salt solutions 


Google 


428 Monolayers on Solids 


remain apart because the high dielectric constant of the solvent reduced the 
Coulomb attraction. The independent response of the two types of ions to 
electric fields became the basis of the theories of electrode potentials. 

The crystal structures of inorganic salts that have been revealed by X-ray 
methods prove that these solids are held together by the Coulomb attraction 
between ions. By taking into account these electric forces it has been possible 
to calculate the compressibilities, heats of vaporisation and other Bropestirs 
of these crystals. 

The Debye-Hiickel theory of electrolytes is based on a consideration of 
the electric forces between the ions and the effect of thermal agitation. Debye 
also showed that many properties of pure liquids and solutions depend upon 
the presence of dipoles, whose interaction can be calculated from the Coulomb 
law. 

Before clear ideas had developed in regard to the structure of solids, many 
properties of matter were described in terms of forces of cohesion and adhesion. 
To-day we no longer think of these as particular kinds of force: they are rather 
taken to be examples of forces of the types we have already considered. The 
great cohesion (hardness) shown by a diamond thus results from the strong 
covalent bonds that link together all neighbouring carbon atoms, while the 
low cohesion (softness) of solid paraffin involves mainly the relatively weak 
van der Waals forces between the hydrocarbon chains. We therefore do not 
consider that there are any unknown or mysterious forces primarily respon- 
sible for cohesion and adhesion. 

Range of Forces. There has been general recognition of the fact that in the 
structure of matter there are examples of forces having both long and short 
ranges. The chemist has dealt particularly with forces of short range. He has 
taken it for granted, as a result of a long experience, that chemical reactions 
between molecules occur only when the molecules are in contact with one 
another. He assumes, therefore, that the forces involved in chemical phenom- 
ena are of very short range, comparable with the radii of atoms. 

Elementary consideration of the work necessary to break a brittle material 
or to cleave crystals such as mica shows that intense forces originating from 
the surface of a solid body can extend only to very short distances. Thomas 
Young, over a century ago, proved that the forces involved in surface tension 
must have a range of the order of 10-* cm or 1 A, but in later years this con- 
clusion seems to have been largely forgotten. 

The later physicists (prior to 1920) who dealt with surface tension and ad- 
sorption usually regarded the forces as essentially long-range forces which 
act over distances large compared with those between atoms and molecules. 
This assumption was made, I believe, largely by force of habit rather than 
because of definite experimental evidence. 

Common observation of large electrically charged bodies shows that electro- 
Static forces can extend through large distances. Forces which are significant 
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in the structure of matter must correspond to potential energies which are at 
least of the order of kT (about 0.025 electron volt at room temperature), which 
is a measure of the energy of thermal agitation. The energy involved in chemical 
interactions is usually very much larger than this. The Coulomb law allows 
us to estimate the distances within which such forces may be significant. Thus 
the potential energy between two electrons is equal to RT when the distance 
between them is 560 A. On the other hand, in water (dielectric constant 80) 
the corresponding distance is only 7 A. 

With multivalent ions and particularly with large colloidal particles the 
effective distances, which increase in proportion to the product of the charges 
on the interacting particles, may become relatively great. Colloids whose mi- 
celles carry charges of 10 or more units may show effective ranges of several 
hundred or even several thousand Angstrém units. Concentrations of electro- 
lytes of the order of 10-* M can greatly reduce the range because of the segre- 
gation of ions of one sign around each ion of the opposite sign, in accordance 
with the Debye-Hiickel theory. 

Electric forces of very long range can be observed in the space charge phenom- 
ena which occur in electric discharges in high vacuum or in gases at low 
pressures (Langmuir, Physical Rev. 1913, 2, 450). Consider, for example, 
a nearly uniform volume distribution of particles having charges of one sign 
only (ions or electrons). The number of particles in successive concentric 
shells of equal thickness increases in proportion to the square of the radius. 
With an inverse-square law of force between particles the shells give contri- 
butions to the potential at the origin which increase in proportion to the radius, 
so that the effect of the outer shells is much more important than that of the 
inner ones. The forces due to space charge thus extend throughout any region 
in which the particles are predominantly of one sign, and are frequently ob- 
servable at distances of several cm. 

Debye has shown (‘‘Polar Molecules”, Chemical Co., New York, 1929) that 
many of the dielectric properties of liquids and solutions depend on the dipole 
moments of their molecules. In these cases the dipoles are oriented by an 
applied external field. Dipoles can also be oriented by the local fields of ions or 
of other dipoles. Let us consider the magnitude and range of the forces involved. 

The interaction between a dipole and an ion gives a force which varies 
with the inverse cube of the distance and depends upon the orientation of 
the dipole. Molecules of water which have a high dipole moment, 1.87 Debye 
units (1 unit equals 10-!* c.g.s. units), should theoretically require a field 
of the order of 107 volts per cm to orient the majority of them against the 
effect of thermal agitation. A field of this magnitude would exist at a distance 
of 12 D-’2A from a univalent ion, where D is the dielectric constant. If 
we should take D = 80, the distance would be only 1.3 A. 

It is well known that small ions in aqueous solutions are hydrated. Such 
effects are now generally explained in terms of hydrogen bonds rather than 
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electric attractions of the ions for the dipoles. A single layer of completely 
oriented water molecules on a plane surface would give a double layer potential 
of 15 volts if the dipole moment should remain 1.87 units. The mutual de- 
polarisation of the dipoles in such layers must evidently reduce the moment 
to a relatively small value. The dipole theory of the origin of the forces thus 
loses its usefulness in cases where the dipole molecules are closely packed. 

When the dipoles are at distances from ions so great that the forces give 
only a small orienting effect, the effective dipole moment instead of being 
us reduces to u*F/3kT, where F is the field strength. Under these conditions 
the average force exerted by the ion on the dipole is one of attraction and 
varies with the inverse fifth power of the distance. The potential energy in- 
volved is negligible compared to kT for dipoles of ordinary magnitude at 
distances of more than 3 A in the case of univalent ions, but this effective 
range varies with the square root of the charge on a multivalent ion and so 
may be considerably larger in the case of colloidal particles. 

Dipole molecules when completely oriented exert forces on one another 
which vary with the inverse fourth power of the distance. Under conditions 
which give incomplete orientation, the force is proportional to the inverse 
seventh power. Only when the dipoles are practically in contact can the energies 
be comparable with kT. 

The van der Waals forces which act even between non-polar molecules 
also vary with the inverse seventh power of the distance. Therefore, between 
individual molecules these forces will have still shorter ranges than the dipole 
forces. The other types of force which we have considered, the chemical forces 
corresponding to covalent bonds, and the repulsive forces due to the impene- 
trability of electronic shells, have extremely short ranges of action, being 
limited in general to distances even much less than 1 A. 

There is no logical reason to assume that the forces involved in the formation 
of adsorbed films are essentially different from those that are active within 
three-dimensional solid or liquid phases. At the boundary between phases 
the forces are naturally unsymmetrically distributed, and this produces the 
characteristic phenomena of adsorption. However, the nature and range of 
action of the forces should not be altered by this assymmetry. 

Experiments with Tungsten Filaments. My own interest in phenomena at 
surfaces arose from studies of the interactions between hot tungsten filaments 
and low pressures of various gases introduced into the surrounding bulb (Lang- 
muir, J. Amer. Chem. Soc. 1915, 37, 1139). 

Tungsten filaments possess particular advantages in studies of adsorption 
phenomena, since they can be heated in vacuum for considerable times even 
at temperatures as high as 3000°K, at which all other substances vaporise. 
The surface of the filament can be freed from all contamination by flashing 
it for a few seconds at a very high temperature. The ease of temperature meas- 
urement by optical pyrometers or from the current-voltage characteristics, 
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and the rapidity with which temperature changes can be produced are further 
important advantages. The electron emission from the filament serves as a 
very sensitive indicator of the presence of adsorbed films. 

With hydrogen at a low pressure, such as 10 baryes (ca. 0.01 mm of mercury), 
the heating of the tungsten filament to 1500°K caused a gradual disappearance 
of the hydrogen as shown in curve I of Fig. 1 (Langmuir, ibid. 1912, 34, 1310). 





Fic. 1. Clean-up of oxygen and hydrogen by a heated tungsten filament. 


After 20 minutes, practically all the hydrogen had disappeared. A second 
supply of hydrogen disappeared more slowly (curve II). With a bulb containing 
two filaments, it was readily proved that the gas was not absorbed by the 
filament but disappeared because a monatomic layer of hydrogen atoms was 
adsorbed on the surface of the bulb. The hydrogen adsorbed on the glass 
was found capable of reacting with oxygen at room temperature after the fila- 
ment had been allowed to cool, indicating that the hydrogen remained in a very 
active state. The maximum amount of adsorption occurred when the bulb 
was immersed in liquid air, and corresponded to about 1.5 x105 atoms of 
hydrogen per cm! of glass surface, which is equal to the number of spheres 
of diameter 2.8 A which can be packed per cm? into a close-packed hexagonal 
lattice. 
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Since the diameter of the hydrogen atoms is somewhat less than 2.8 A, 
those in the adsorbed film are not in contact with one another. Hydrogen atoms 
incident upon such an adsorbed film presumably combine with any hydrogen 
atoms which they may strike to form molecules which escape from the surface. 
The failure to obtain thicker films of hydrogen evidently depends upon this 
reactivity. The forces that hold the atoms on the surface are thus of short 
range and are related to the chemically unsaturated nature of the atomic 
hydrogen. : 

When a tungsten filament is heated to about 1500°K in oxygen at 100 
baryes or less, the oxygen reacts with the tungsten to form the oxide WO,, 
which evaporates from the filament at this temperature as fast as it is pro- 
duced, leaving no visible film on the surface and producing no change in the 
radiating characteristics of the filament (Langmuir, tbid. 1913, 35, 105). The 
decrease of pressure, as shown in curve III of Fig. 1, corresponds to a uni- 
molecular reaction, the rate being proportional to the pressure. 

It is of interest to inquire what fraction of all the molecules of oxygen that 
strike the surface of the filament react to form an oxide. The kinetic theory 
of gases leads to the equation 

w= p(2amkT)" (1) 
where ys is the rate of arrival of the gas molecules expressed in molecules 
cm~ sec“, and m is the mass of the molecule. By inserting numerical values 
this equation becomes ; : 

4 = 2.65 x 10°%p(MT)-? (2) 
where M is the molecular weight of the gas (oxygen atom = 16) and p is 
expressed in baryes. By comparing the observed rate of clean-up of the gas 
with the rate calculated by this equation it was possible to find e, the fraction 
of all the impinging molecules which react on striking the filament. For fila- 
ment temperatures from 1200° to 2000°K the value (Langmuir, ibid. p. 105) 
of € is given by 

logig € = 1.76—5940/T (3) 
so that at T = 1500°, « = 0.0063. The temperature coefficient corresponds 
to arr activation energy of 27 kg-cals. 

The pressures in these experiments were so low that the reaction cannot 
be due to the simultaneous arrival of two molecules of oxygen from the gas 
at a given point on the filament surface. The formation of the trioxide must 
therefore depend on an adsorbed film of oxygen, which permits three oxygen 
atoms to come into contact with a single tungsten atom. 

The presence of such an adsorbed film of oxygen is manifested also by many 
other properties of the filament. For example, the electron emission at 1500°K, 
is reduced to about 1/10,000 of that observed before the oxygen is admitted, 
but this emission is independent of the oxygen pressure and remains indefi- 
nitely at this low value, even after the oxidation of the tungsten has consumed 
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nearly all residual oxygen. By introducing caesium vapour, every trace of 
gaseous oxygen is immediately removed, yet this does not increase the emission 
at 1500°K. 

After the filament temperature, however, has been raised to 2000°K for 
20 seconds, the electron emission at 1500°K increases 100-fold, showing a par- 
tial evaporation of oxygen from the surface of the filament. Experiments at 
a series of temperatures below 2000°, each followed by a test of activity at 
1500°, gave a temperature coefficient for the rate of evaporation of the oxygen 
which corresponded to an activation energy or a heat of evaporation of 160 kg-cals 
per g-atom. Extrapolation indicates that at 1500°K several years would be 
necessary for the evaporation of the film. 

The extraordinary stability of this adsorbed film of oxygen on tungsten 
is also shown by many chemical properties. For example, the film acts as a cat- 
alytic poison; it prevents the heated filament from dissociating hydrogen 
into atoms or ammonia into its elements. Curves IV and V in Fig. 1 illustrate 
typical results (idem., Chem. Reviews, 1933, 13, 147) obtained when a mixture 
of oxygen and hydrogen at low pressure is introduced into a bulb containing 
a tungsten filament at 1500°K. For the first 24 minutes the oxygen disap- 
peared at exactly the same rate as though no hydrogen had been present. 
Analyses of the gas in the bulb at the end of this time showed that the remaining 
gas was pure hydrogen, and that none of this gas had disappeared up to this 
time. After the pressure of oxygen had fallen to an extremely low value (about 
10-* barye), the hydrogen suddenly began to disappear (curve V) at the same 
rate as if no oxygen had previously been present. 

In view of the fact that the oxygen film in absence of hydrogen would not 
have evaporated appreciably in less than a year at 1500°K, it is remarkable 
that in the presence of hydrogen the effect of the oxygen disappears abruptly 
after 24 minutes. Measurements of electron emission have shown that there 
is a sudden increase of emission at this point. These observations prove that 
the film of oxygen is unaffected by the hydrogen as long as a minute trace 

-of gaseous oxygen is present, but below this critical pressure the hydrogen 
is very effective in reacting with and removing the adsorbed oxygen. It appears 
that hydrogen can react with the oxygen only after it is adsorbed on the tungsten 
in spaces between the oxygen atoms. 

Since oxides of tungsten are easily reduced by hydrogen at temperatures 
below 1000°, the inability of the hydrogen to react with the complete film 
of oxygen on tungsten proves that this film does not consist of any of the 
oxides of tungsten. If, however, the film consists of a complete layer of oxygen 
atoms chemically bound to the tungsten atoms of the surface, the oxygen 
may be just as incapable of reacting with hydrogen as is the oxygen in such 
a compound as calcium oxide. When two hydrogen atoms are adsorbed on 
the tungsten, adjacent to an oxygen atom, a mere shifting of electrons in the 
metal can permit the hydrogen atoms to attach themselves by covalency bonds 
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to the oxygen, thus saturating the oxygen and allowing it to escape from the 
underlying tungsten. 

These alterations in the properties of the surface of the tungsten filament 
produced by the presence of oxygen are due to a monatomic layer of oxygen 
atoms held very firmly to the tungsten atoms. The fact that complete and 
incomplete monatomic layers of oxygen behave so differently toward hydrogen 
emphasises the importance of contacts between atoms. The hydrogen cannot 
dissociate unless it comes into contact with tungsten atoms. The oxygen ad- 
sorbed atoms cannot leave the tungsten until they can react with hydrogen 
atoms adsorbed on tungsten in adjacent spaces. Thus the complete monatomic 
layer of oxygen is a catalytic poison for the dissociation of hydrogen, while 
bare spots on the tungsten surface act as a catalyst for the interaction of the 
oxygen and hydrogen. 

An extensive set of experiments was carried out in 1919 by my assistant, 
Mr. S.P. Sweetser, who studied the interaction of oxygen and hydrogen 
in contact with a tungsten filament over a wide range of filament temperatures. 
With the filament at 1500°K in a mixture of oxygen and hydrogen no appreciable 
amount of hydrogen disappears until the kink is reached, as shown in Fig. 1. 
The pressure corresponding to this kink measures the amount of hydrogen, 
while the decrease in pressure that occurs before the kink gives the amount 
of oxygen. We are thus provided with a simple and accurate method of analysing 
mixtures of oxygen and hydrogen. 

When filament temperatures ranging from 1700° to 2300°K are used, the 
pressure at the kink is less than the partial pressure of the hydrogen originally 
present, but an analysis of the residual gas made at any time after the kink 
shows that the gas is pure hydrogen. 

Table I contains~a brief summary of the previously unpublished results 
of these experiments. The volume of the bulb with the attached McLeod 
gauge was 5.5 |. The filament had a surface of 2.5 cm*. Before the filament was 
heated, the bulb was filled to a total pressure of about 12 baryes with a mixture 


Tass I 


The Rate of Disappearance of Hydrogen from Mixtures of Oxygen and Hydrogen 
in Contact with Heated Tungsten Filaments 








T _| t, secs | % Hy | erbefore |  cyafter i €0 
157° | 1500 | 00 | | 0.00010 | 0.0095 
1710 | 270 CS 97 | 0.00003 0.00030 | 0.0193 
1870 175 92 | 0.00022 | 0.0013 =| 0.038 
2050 1 . | 79 {| 0.0010 | 0.0048 | 0.073 
2210 72 0.0028 =, (0.0099 | 0.118 
2380 rs } 60 | 0.0086 0.0185 0.184 
2520 iz 16 50 0.017 | 


0.022 | 0.253 





Monolayers on Solids 435 


containing two volumes of hydrogen to one of oxygen. The filament was then 
heated to the temperature given in the first column. The time in seconds 
at which the kink in the curve occurred is shown in col. 2. Col. 3 gives the 
percentage of the original amount of hydrogen which remained in the gas at 
this critical point, the oxygen having all disappeared at this time. 

By repeating each of these runs several times, but interrupting the experi- 
ments at predetermined times to make an analysis of the gas by the method 
just described, it was possible to determine the rates at which the hydrogen 
and the oxygen disappeared before the critical time had been reached. At any 
given temperature the rate of decrease of the hydrogen pressure was approxi- 
mately proportional to the pressure of the hydrogen, but independent of the 
pressure of the oxygen. The value of €, in col. 4 gives this rate of reaction 
in terms of the fraction of the hydrogen molecules incident upon the filament 
which disappear before the critical time has been reached. Col. 5, under the 
heading e,, shows the corresponding value of ¢ for the clean-up of the hydrogen 
after the critical time. In the last column, under the heading € , is the value 
of € given by equation (3) for the normal rate of clean-up of oxygen by a tungsten 
filament at the temperature T. 

A study of these and other data has led me to the following conclusions. 
The adsorbed film of oxygen consists of a single layer of firmly bound oxygen 
atoms nearly completely covering the surface. These atoms, however, do not 
react directly with one another and with tungsten to form the oxide WO, 
even at the highest temperatures. At very high temperatures, such as 2000° 
or more, the adsorbed oxygen evaporates as free atoms, not as molecules. 

Oxygen molecules which strike the surface already covered with the adsorbed 
oxygen films condense on the surface to form a second layer, probably of atoms 
held to the underlying atoms by forces much like those that hold together 
the two atoms of oxygen in peroxides. The atoms in the second layer, however, 
are held by forces that are small compared with those that hold the first layer, 
so that at temperatures above 1200°K they evaporate at a relatively high rate 
and therefore only a minute fraction of the surface is covered by this second 
layer. Each atom in the second layer moves freely over the surface until one 
of three things happens: (1) It evaporates; (2) it reacts with two oxygen atoms 
in the first layer and with an underlying tungsten atom to form WO,, which 
evaporates, leaving a hole or gap in the first adsorbed layer; (3) it drops from 
the second layer into any of these holes formed in the first layer and thus 
provides the mechanism by which the oxygen content of the first layer is held 
constant. 

This theory explains the fact that the rate of formation of WO, is proportior.- 
al to oxygen pressure over a wide range of pressure. The amount of oxygen 
in the second layer is proportional to the oxygen pressure. The fraction of 
the surface which is bare (holes in the oxygen film) is independent of the pres- 
sure, since both the rate of formation of the holes and the rate of filling up 
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the holes are proportional to the pressure. The electron emission and the 
rate of clean-up of hydrogen, as measured by e, in Table I, are thus independent 
of the oxygen pressure. 

At much lower oxygen pressures with very high filament temperatures, 
particularly above 2200°K, the rate of evaporation of oxygen atoms from the 
first layer begins to be of increasing importance, so that the fraction of the surface 
which is bare under these conditions no longer remains independent of the 
oxygen pressure. The rate of formation of WO, at these low pressures then 
has a negative temperature coefficient; at the highest temperatures the atoms 
evaporate before they have a chance to form WO;. Numerous experiments 
in our laboratory have demonstrated this negative temperature coefficient 
of reaction velocity at pressures less than 0.1 barye and at temperatures above 
2300°, and have also shown that the oxygen which escapes from the filament 
is then atomic oxygen which reacts with and oxidises metallic tungsten pre- 
viously evaporated on to the bulb. 

When hydrogen and oxygen are both present in the bulb the hydrogen 
molecules are not able at any temperature to react directly with the oxygen 
in either the first or the second adsorbed layer. However, if they reach the 
tungsten surface through the holes in the first layer they dissociate into atoms 
and react immediately with an adjacent oxygen atom. Thus when the oxygen 
pressure falls below the critical value, the hydrogen completely removes all 
the oxygen from the surface, and it does this suddenly. The data for é) and e, 
in Table I show that before the critical pressure is reached the value of ¢ for 
the oxygen clean-up is several hundred times as great as that for the hydrogen. 
This greater effectiveness of the oxygen is accounted for by the presence of 
mobile oxygen atoms in a second layer, and the absence of a mobile layer 
of hydrogen. Thus the holes in the first layer can be filled by oxygen from 
molecules which may have struck almost any part of the surface, but only 
the hydrogen molecules which make direct hits in the holes are able to interact 
with oxygen atoms and so increase the size of the holes. The pressure of the 
oxygen is thus several hundred times greater than that of the hydrogen at the 
time when the kink occurs. 

In some unpublished experiments made a few years ago by Dr. J. Bradshaw 
Taylor, oxygen at low pressure was admitted into a bulb cooled in liquid air, 
whose inner surface was covered with a deposit of metallic caesium. In the 
bulb was also a tungsten filament which had previously been flashed to 3000° 
to clean its surface. After the oxygen was pumped out, the bulb was warmed 
to room temperature so that every trace of remaining oxygen would react 
with caesium. The filament was then heated to 1600°K and was found to 
have the same electron emission as if it had been heated to 1600°K in contact 
with oxygen at low pressure. This experiment proves that an amount of oxygen 
sufficient to form a monatomic layer condenses on a filament at very low 
temperatures and remains on the filament when it is heated 1600°K. The 
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layer cannot consist of more than one layer of atoms, since the oxygen at low 
temperatures cannot penetrate into a tungsten filament, although it does so 
at temperatures above 1200°K, and thus no oxides of tungsten could have 
been formed. 

The poisoning effect of a monolayer of oxygen atoms on the dissociation 
of hydrogen and on many other chemical reactions bears a close resemblance 
to the phenomena of passivity of chromium as shown by its electrochemical 
behaviour and the resistance of polished chromium to oxidation. Since chromium 
and tungsten are in the same group of the Periodic Table, it would seem that 
a single complete layer of oxygen atoms tightly bound to the atoms of the 
chromium surface should be adequate to explain many of the features of pas- 
sivity (Langmuir, Trans. Amer. Electrochem. Soc. 1916, 29, 260). 

Films of Thorium on Tungsten. A study of the electron emission from tungsten 
filaments containing approximately 1% of thorium oxide showed (idem, 
Physical Rev. 1923, 22, 357) that after proper heat treatment of the filament 
the electron emission at an arbitrarily chosen temperature (testing temperature) 
of 1500°K was about 100,000 times greater than that from a pure tungsten 
filament. To bring the filament into this condition it is heated for short time 
intervals at a series of increasing temperatures, the final heating being for about 
30 seconds at 3000°K. In this way a fine-grained filament is produced which 
contains a low concentration of meta'lic thorium formed by the reduction of 
the thorium oxide while oxygen diffuses out of the filament. It is then 
necessary to activate the filament by heating it for a considerable time 
at a temperature in the neighbourhood of 2100°K which permits the 
thorium to diffuse to the surface without too great loss from the surface 
by evaporation. 

Under these conditions the thorium accumulates on the surface as a single 
layer of atoms, thus giving a concentration near the surface far higher than 
in the interior of the filament. The fact that the thorium diffuses from a region 
of low concentration to one of high concentration indicates that we are dealing 
with a typical case of adsorption. A comparison of the properties of thorium 
and tungsten shows that the surface energy of thorium should be much lower 
than that of tungsten, and therefore, according to Gibbs’s theorem, one should 
expect a stable adsorbed film of thorium. 

The activity of the filament can be determined by measuring the emission 
at the testing temperature of 1500°K. By raising the temperature to 1900°K 
an emission: of over 0.5 amp./cm? can be maintained for many thousands 
of hours, although to obtain a similar emission from pure tungsten one would 
have to heat the filament to 2500°K, and the life would then be much shorter 
than that of the thoriated filament. 

The effect of the thorium monolayer which forms on the surface is to 
raise the electron emission from the filament. Since the emission can be easily 
measured with an accuracy of about 1%, while a complete monolayer gives 
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a 100,000-fold increase, we have here an extremely sensitive method of detecting 
adsorbed atoms on a surface. For a quantitative determination of the amount 
of thorium on the surface it is necessary, however, to know the relationship 
between the emission and the amount of adsorbed thorium. Since thorium 
is a metal which has a much higher atomic volume than tungsten, it should 
have a lower electron affinity, and therefore atoms of thorium on the surface 
should be positively charged. This charge induces a negative charge in the 
surrounding tungsten, so that, according to the usual image theory, the external 
field produced by a thorium atom is equivalent to that of a dipole. If the dipoles 
are sufficiently far from one another, the dipole moment given by one thorium 
atom will not modify that of its neighbours. It follows then that at low surface 
concentrations the contact potential increases linearly with the surface concen- 
tration of the thorium. The electron emission, however, which is a kind of 
evaporation phenomenon, varies exponentially with the contact potential. Thus 
the logarithm of the emission should increase linearly with o, the number of 
thorium atoms per cm? of surface. 

If one cleans the surface of the filament by flashing at 2800°K and then 
maintains the filament at 2100°K, one would expect the thorium to arrive 
at the surface at a nearly constant rate, at least until the supply of metallic 
thorium in the filament begins to be exhausted. From time to time one can 
lower the filament temperature to 1500°K to measure the electron emission. 
It is found, in fact, that for moderate increases in emission, of several hundred- 
fold, the logarithm of the emission i increases linearly with the time, which 
indicates that the change in log 7 is a measure of the amount of thorium 
present. 

However, when the activity becomes still greater, log ¢ increases. much 
more slowly and finally approaches a limiting value. The higher the activating 
temperature, the lower this limit becomes. Qualitatively, at least, this indicates 
that the final surface concentration represents a balance between the rate 
of diffusion of the thorium to the surface and the evaporation from the 
surface. By flashing the filament for short time intervals at a series of higher 
temperatures, and observing the effect on the electron emission at the testing 
temperature, one can measure this rate of evaporation and its temperature 
coeficient. It is found that the heat of evaporation corresponds to 173 kg-cals, 
while that of tungsten as determined by the rate of loss of weight is 
210 kg-cals. 

The non-linear increase in log ¢ with time at the higher surface concentrations 
suggests that the evaporation of the thorium takes place relatively more rapidly 
when the thorium atoms become crowded on the surface. It was first assumed 
that the linear relation between log i and o was applicable, at least approxi- 
mately, over the whole range of values of o. The maximum value o, thus 
corresponded to a complete monolayer of thorium. The fraction 0 of the surface 
covered by the thorium, or covering fraction, can be defined as equal to o/o,. 
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Interpreted in this way, the experimental data on the activation of thoriated 
filaments between 1950°K and 2050°K led to the conclusion that the rate 
of growth of the thorium film could be expressed by the equation 


d0/dt = k(1—6) (4) 


where increases. with temperature and depends upon the rate of diffusion 
of thorium from the interior of the filament. 

To account for the factor (1—6) the hypothesis was made that the thorium 
atoms which arrived from the interior pushed the ‘‘adatoms” (adsorbed atoms) 
off the surface if they arrived at places already occupied. This forced evapo- 
ration was referred to as ‘‘induced evaporation” to distinguish it from that 
which occurs spontaneously at a given temperature from the film, even when 
thorium does not arrive from the interior. 

Becker and Brattain (Physical Rev. 1926, 28, 341) and Brattain and Becker 
(ibid. 1933, 48, 428) have shown that with monolayers of barium, caesium, 
or thorium on tungsten the curve giving log ¢ as a function of @ is approxi- 
mately linear only at low values of 6, while at higher values log ¢ increases 
to a maximum and then decreases. To determine this relationship in the case 
of thorium films they evaporated thorium at a constant rate from a heated 
thorium filament on to a neighbouring cold tungsten filament, and from time to 
time measured the electron emission from the tungsten filament at a testing 
temperature. When these results were compared with the data that I had 
obtained during the spontaneous activation of thoriated filaments between 
1950°K and 2050°K, it was found (Langmuir, 7. Franklin Inst. 1934, 217, 543) 
that the non-linear increase of log i with time was fully accounted for by the 
non-linearity of the relation between log i and 8, and thus the hypothesis 
of induced evaporation could be discarded. As a matter of fact, the analysis 
of the data showed that @ increased linearly with time until spontaneous 
evaporation brought 6 nearly to its limiting value. 

From the data of these experiments it was possible to determine the actual 
rate of evaporation of thorium », in atoms per sq. cm per sec, as a function 
of T and 6. In the range from 6 = 0.2 to 6 = 0.6, » varies in proportion 
to e*°, where H = 8.1. A ten-fold increase in 6 from 0.07 to 0.7 gives a 730-fold 
increase in v, which means that the average life of a thorium atom on the surface 
decreases in the ratio 73 to 1 in this range. 

This rise in y at the higher values of @ results from the repulsive forces 
between the dipoles of the adsorbed thorium atoms which tend to drive these 
atoms off the surface. As 6 approaches unity, » increases so rapidly that the 
amount of thorium accumulating at the surface never exceeds that which 
corresponds to a monolayer. The measurements show that the maximum in 
the electron emission occurs when 6 = 0.7. 

When layers of thorium deposited by evaporation on to a tungsten filament 
reach a thickness several times that of a monolayer, the electron emission is 
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about one-third of that corresponding to the optimum emission at 6 = 0.7. 
The electrical properties of a surface covered by a complete monolayer, 6 = 1, 
are substantially the same as those of a thick film of the same material. 

Numerous experiments have proved that thorium atoms migrate over the 
surface of a tungsten filament at appreciable rates at temperatures a few 
hundred degrees lower than those at which the thorium evaporates from the 
surface. For example, thorium deposited on one side of the filament may 
be made to diffuse uniformly over both sides of the filament by prolonged 
heating of the filament at the proper temperature. 

Adsorption by van der Waals Forces. The cases of adsorption which we 
have just been considering, where atoms of oxygen or thorium are bound 
firmly to the surface of the tungsten filament, even at very high temperatures 
prove that in some cases at least the forces involved in adsorption are comparable 
with those which hold together the atoms of even the most stable chemical 
compounds. They also prove that the effective range of action of these forces 
is small even when compared with atomic diameters. Since adsorption involves 
the same types of forces at those involved in the ordinary three-dimensional 
states of matter, we should expect to find types of adsorption corresponding 
to even the weak van der Waals forces, which hold together the molecules 
of non-polar liquids such as the liquid hydrocarbons or liquefied inert gases. 
In order to gain knowledge of adsorption of these types, experiments were 
undertaken to measure the adsorption of such gases as argon, nitrogen, hydrogen, 
oxygen, and methane on plane surfaces of glass and mica (Langmuir, 
J. Amer. Chem. Soc. 1918, 40, 1361). Most previous work on adsorption had 
been done with porous substances, such as charcoal, where the extent of the 
surface was unknown, and therefore the thickness of the adsorbed film could 
not be determined. The experiments soon showed that the amounts of these 
so-called permanent gases adsorbed on the plane surfaces at room temperature 
are negligibly small compared with the amount needed to form a monolayer 
of molecules. At liquid-air temperatures, however, the amount adsorbed 
increases at first about in proportion to the pressure, but at higher pressures 
reaches a limiting value which in every case studied corresponds to less than 
a monolayer. Evidently, therefore, even with these cases of adsorption which 
involve merely van der Waals forces, the effective range of action of the forces 
responsible for the adsorption is less than the molecular diameter, so that we 
are still clearly dealing with forces which act between atoms or molecules 
in contact. 

Condensation-Evaporation Theory of Adsorption on Solids. With adsorbed 
films of both oxygen and thorium on tungsten we have seen that the number 
of atoms in the film at any given time depends upon a balance between the 
rate of arrival of the oxygen or thorium on to the surface and the rate of loss 
of material from the surface by evaporation or by a chemical reaction. When 
we are dealing with the surface of a solid in contact with a gas which can 
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become adsorbed we can therefore analyse the mechanism in terms of con- 
densation and evaporation. This leads us to a theory not only of the equilibrium 
but also’ of the kinetics of adsorption phenomena. 

Acgording to this theory, the condensation and evaporation processes are 
independent of one another; that is, the probability that a given adsorbed 
atom will evaporate in any short time interval is not influenced by the time 
that has elapsed since its condensation upon the surface. If we divide the rate 
of evaporation ¥, expressed in atoms cm~* sec~!, by o, the number of adsorbed 
atoms cm-*, we obtain the average probability per second for the evaporation 
of individual atoms. The reciprocal of this, t, is thus the average life of an 
adsorbed atom on the surface. We thus have 

t=o/ (5) 

One of the important characteristics of adsorption is expressed by an adsorp- 
tion isotherm, which relates the pressure or concentration in the volume phase 
to the amount of substance adsorbed on the surface under the conditions 
of equilibrium. According to the condensation-evaporation theory (Langmuir, 
J. Amer. Chem. Soc. 1918, 40, 1361), the general equation for the adsorption 
isotherm is 

y= ap (6) 
where yp is the rate of arrival of the molecules on the surface, as given by equation 
(1), and a is the condensation coefficient which, naturally, cannot exceed 
unity. In general, » and a are functions of o and T, the temperature. 

These functional relationships determine the nature of the adsorption isotherm. 
It is, of course, possible that y and a depend not only on o but also on various 
other factors characteristic of the surface, or upon the forces which the surface 
exerts upon the adatoms. Thus, because of a lack of homogeneity of the surface 
there may be more than one way in which a given adatom may be held on the 
surface, or the adsorbed substance can exist on the surface in two states, for 
example, in the form of atoms or of molecules. We may postpone the con- 
sideration of such complicating factors and limit ourselves at present to cases 
in which the adsorbed film may be regarded as a ‘‘surface phase” characterised 
by two degrees of freedom (Langmuir, 7. Chem. Physics 1933, 1, 3), such 
as o and 7. 

The adsorption isotherm is the relation between p, 0, and T which exists 
under equilibrium conditions. According to equations (1) and (6), this relation 
depends only on the ratio v/a, which in general is a function of o. Since this 
isotherm expresses the equilibrium condition, it should be derivable by sta- 
tistical methods from energy and entropy considerations. 

The kinetics of the adsorption process involves a knowledge of ay, the rate 
of condensation, and y, which are equal only under equilibrium conditions. 
These quantities cannot be determined by thermodynamic considerations 
but must depend upon the mechanism of the adsorption process. 
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Let us consider in more detail the condensation process (Langmuir, Physical 
Rev. 1916, 8, 149). In the classical kinetic theory of gases it is usually considered 
that molecules rebound from one another elastically, and it is therefore frequently 
assumed that molecules make similar elastic collisions with a solid surface. 
We must, however, recognise an essential difference between two cases. The 
molecule approaching the solid is attracted and acquires an additional energy 
when it reaches the surface. The impact against the surface is delivered to 
several atoms which can dissipate their excess energy to still others. A calculation 
based on the heat conductivity of solids indicates that even within the duration 
of a collision (ca. 10- sec) a large fraction of the heat may be carried away. 
In general, therefore, we should expect the condensation coefficient a to approx- 
imate to unity; that is, all molecules that strike the surface condense upon it. 
Only when the rate of evaporation of these molecules from the surface is so 
high that the average life + is less than about 10- sec should there be any 
failure of the adsorbed molecules to reach thermal equilibrium before leaving 
the surface. This case, which corresponds to an accommodation coefficient 
materially less than unity, has been observed when molecules of permanent 
gases, particularly hydrogen and helium, strike a surface having a temperature 
different from that of the gas. These cases of low accommodation coefficient 
occur under just those conditions where we may assume that the life t of the 
adsorbed molecule is of the same order of magnitude as the duration of the 
collision. When t has much larger values, experiments show that the conden- 
sation coefficient a is close to unity. 

If the gas pressure is raised or the temperature of the surface is lowered, 
o must ultimately increase to a point where there is no longer room for 
additional molecules in the first layer in contact with the solid; a further 
increase in o would require the formation of a second layer. 

Because of the short range of the forces that act on the adatoms, the life 
t, of an atom in the second Jayer is usually very different from the life 1, 
of a similar atom in the first layer, since the atom in the two cases in question 
is in contact with atoms of an entirely different character. There are two cases 
to be considered according as 7, is greater or less than t, (Langmuir, J. Amer. 
Chem. Soc. 1932, 54, 2810). 

Case I. The second layer is held by stronger forces than the first, t, >%. 
An example of this kind has been found experimentally (idem., Proc. Nat. 
Acad. Sci. 1917, 3, 141) in the condensation of mercury or cadmium atoms 
allowed to strike a cooled glass surface. These atoms have a much greater 
affinity for one another than they have for glass. The cadmium atoms in the 
second layer, being in contact with underlying cadmium atoms, evaporate 
much more slowly than single atoms in the first layer. 

In these experiments cadmium was introduced into a well-exhausted 
spherical glass bulb. By immersing one half of the bulb in cold water and 
applying a flame to the other half, all the cadmium was driven to the lower 
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hemisphere. This cadmium-covered hemisphere was then lowered into an 
oil bath at 170°C. A portion of the uncovered hemisphere was cooled to —40°C, 
and another region was cooled by a wad of cotton dipped in liquid nitrogen 
(—196°C). A visible deposit of cadmium formed within 30 seconds on the 
surface cooled to —196°, and this continued to grow in thickness, forming 
a mirror, even after the spot was allowed to warm to room temperature, but 
on the surface cooled to —40° and on the uncooled parts no deposit appeared 
within 10 minutes. 

The vapour pressure of solid cadmium (International Critical Tables) 
is given by 

logio P = 11.689—5693/T (p in baryes) (7) 
At 170°C the vapour pressure of cadmium is thus p = 0.0069 barye. By equation 
(2) we can calculate the rate » at which the atoms evaporate from this surface. 
Since only one hemisphere supplies the vapour, the rate 4 at which the atoms 
arrive on the opposite hemisphere is only half as great. We thus find u.=4.1 x 
10 atoms cm~ sec“. A monolayer of cadmium atoms contains about 10% 
atoms cm-*. Therefore it takes 0.25 sec at this temperature to form a mono- 
layer when the incident atoms condense and remain on the surface. Under 
these conditions the cadmium deposit formed in 30 secs on a spot cooled 
by liquid nitrogen contains 125 atomic layers (9 = 125). 

The fact that no visible film appears on the surface at —40°C indicates 
that the life t, of the cadmium atoms on the bare glass surface even at this 
low temperature is very small compared to the life (rt, = 0.12 sec) of the atoms 
on a cadmium surface at 170°C. For a cadmium surface at —40°C, t, = 3 x 10° 
secs. Thus the rate of evaporation of cadmium atoms from a glass surface 
at —40°C exceeds that of the evaporation of atoms from a cadmium surface 
at the same temperature by a factor much greater than 104. 

If the forces of interaction between atoms are of such short range that 
they act only when the atoms are in contact, a film of cadmium on glass having 
a surface concentration considerably less than that of a monolayer may suffice 
to prevent the evaporation of atoms incident on a surface at room temperature. 
Experiments were therefore undertaken to determine how large the covering 
fraction 6 needs to be in order that the invisible or latent deposit formed at 
very low temperatures should be capable of being developed at room temper- 
ature by a supply of vapour from cadmium at 170°C. 

Latent deposits corresponding to @ = 0.016, formed in one minute from 
cadmium at 60°C, were developable into visible spots in about 30 secs. The 
rate of development increased appreciably as 8 was raised to 0.12 (from cadmium 
at 78°C), but still heavier latent deposits gave no further increase in the rate 
of development. 

When 6 was reduced to 0.008 (one minute at 54°C) the latent deposit was 
developable within one minute from vapour at 170°C, if the temperature 
of the deposit was allowed to rise only to —40°C after being formed at the 
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temperature of liquid nitrogen. However, if this latent deposit, before develop- 
ment, was allowed to warm to room temperature the development occurred 
extremely slowly. The same slow development was obtained when the latent 
deposit, after having been warmed to room temperature, was cooled to — 40°C. 
It appears, therefore, that the latent deposit with this low value of 6 evaporates 
when the temperature is raised from —40° to+ 20°C, although with higher 
6 it does nor evaporate in this range. Evidently, as 6 increases, clusters of 2, 3, 
or more atoms begin to form, and these are more stable than single atoms. 

If the cadmium-covered hemisphere is heated to 220°C, a deposit forms 
within 15 secs over the whole of the uncovered hemisphere (at 20°C) even 
when no latent deposits have previously been formed. This deposit, however, 
is very different from that built up on a latent deposit. Instead of being a 
silver-like mirror, it has a fog-like appearance, and microscopic examination 
shows that it consists of myriads of small well-separated crystals. Even if the 
deposition is continued for a considerable time, the crystals remain separate 
although they continue to grow in size. 

The formation of fog-like deposits under these conditions is readily explain- 
able by the condensation-evaporation theory when 1, > t,. Thus, if vapour 
from cadmium at 170°C strikes glass at 20°C, the life r, of single atoms on 
glass is so short that almost every atom evaporates before it comes into contact 
with another atom and therefore no deposit appears. When, however, the 
vapour source is heated to 220°C, which raises » 19-fold, it often happens 
that an atom condenses on the surface in a position adjacent to an atom which 
has not yet evaporated. In this way, clusters of atoms are formed which are 
far more stable than single atoms and serve as nuclei for the growth of crystals. 

The phenomena involved in the formation of the latent deposits, the mirror- 
like and the fog-like deposits of cadmium, although typical of many cases of 
condensation on solid surfaces, are evidently not those characteristic of adsorp- 
tion. One striking difference is that the cadmium deposits are formed only 
when the vapour is strongly supersaturated, while adsorbed films are produced 
from vapours or gases at pressures far below saturation. 

Case II. The first layer is held more strongly than the second, t, < t,. In this 
case, as the gas pressure rises, the number of adsorbed atoms in the first layer 
increases until the surface becomes nearly completely covered with a monolayer, 
but yet, since the life of the atoms in the second layer is so small, no appreciable 
number of adatoms is present in a second layer. When, however, the pressure 
is raised until the vapour becomes nearly saturated, the number of atoms in 
the second layer increases rapidly, so that bulk condensation, involving the 
formation of many layers, begins as saturation is reached. A theory of the 
formation of these polyatomic layers with nearly saturated vapours was proposed 
in 1918 (Langmuir, ¥. Amer. Chem. Soc. 40, 1374), and in 1933 was further 
developed and applied to experimental data on the condensation of caesium 
vapour on tungsten (Taylor and Langmuir, Physical Rev. 44, 453). 
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The pressure required for the formation of a nearly complete monolayer 
may be far less than that which gives multilayers (saturated vapour). The 
ratio of these two pressures is of the order of t,/t,. In the case of caesium vapour 
adsorbed on tungsten (loc. cit.), the life t, of isolated adatoms is given by 

logis tT, = —12.373 +14061/T (8) 


when 7, is expressed in seconds. The life t,, of caesium atoms which lie in the 
surface of solid metallic caesium is (idem, tbid. 1937, 51, 753) 


logio ty = —13.201 +3979/T (9) 


The latent heat of evaporation of adsorbed caesium atoms on tungsten is 
thus 3.5 times (i.e., 14061/3979) as great as that of metallic caesium—an 
indication of the strong forces that hold the adatoms. At 20°C, equation (8) 
gives t, = 4x 10* seconds, while equation (9) gives t, = 2.4 seconds (vapour 
pressure 0.0011 barye). A life of 2.4 seconds for the adatoms on tungsten 
occurs, by equation (8), at 830°C. An analysis of the experimental data (idem., 
Joc. cit. 1933, p. 455) has shown that the life t, of caesium atoms in a second 
layer on tungsten is about } of ty. Undoubtedly for the third and subsequent 
layers t does not differ appreciably from t,. Since therefore t3/t, = 6, 
while 1,/t, = 10°, we see that a complete monolayer of caesium gives to a 
tungsten surface properties that are remarkably close to those of metallic caesium. 

The fact that adsorbed films are normally monolayers thus results from the 
common occurence of large values for the ratio t,/t,. There is usually a wide 
range of pressures over which typical adsorbed films are nearly complete 
monolayers. Only when the properties of the adsorbed substance and the 
substrate are nearly identical (rt, and 7, nearly equal), or when t, > t, (Case I), 
does this tendency to form monolayers disappear. 

Hyperbolic Adsorption Isotherm. A simple form of isotherm, which has 
been extensively applied by many investigators to the analysis of experimental 
data, is represented by the hyperbolic equation 


q = ap/(b +p) (10) 
Here, g is the amount of gas adsorbed when the surface is in equilibrium with 
the gas at a pressure p, while a and b are constants for any given temperature. 
This equation was derived (Langmuir, 7. Amer. Chem. Soc. 1918, 40, 1361) 
from equation (6) by placing 
v= %,0 (11) 
and 
a = a,(1—6) (12) 
where », and ap are constants, and @ represents the fraction of the surface 
covered by adatoms. These substitutions give 
6 = agy/(% +092). (13) 
which is of the same form as the hyperbolic equation (10). 


Google 


446 Monolayers on Solids 


Equations (11) and (12) were based upon particular mechanisms of evapo- 
ration and condensation. It was assumed that all the adatoms are located in 
definite positions, or ‘‘elementary spaces”, whose number and arrangement 
are determined by the structure of the substrate. In accordance with a con- 
venient nomenclature recently introduced by Bragg and Williams (Proc. Roy. 
Soc. 1934, A, 145, 699) in treating an analogous problem, we shall use the 
term ‘‘site” for a region in which the adsorbed particle is held on the surface 
in such a way that it has a minimum of potential energy. Let o, be the number 
of such sites per unit area. The covering fraction @ is thus defined by 

6 = 0/0, (14) 

The assumption underlying equation (11) is that the life of an atom in a site 
is not affected by the presence of atoms in other sites. 

Equation (12) was based on the assumption that the atoms from the gas 
phase which strike a bare part of the surface condense and have a life t,, while 
the incident atoms that strike parts of the surface already covered, although 
they may condense on the surface, re-evaporate so quickly that they make no 
appreciable contribution to o. The fraction of the surface bare is (1—8). 
It was thus crudely assumed that the fraction of atoms that condense on the 
bare surface is proportional to (1—6). 

It has recently been pointed out (Langmuir, Chem. Reviews 1933, 13, 
147, see p. 171) that the physical assumptions underlying this factor (1—6) 
are very improbable. The experiments on the adsorption of caesium vapour 
by tungsten (Taylor and Langmuir, Physical Rev. 1933, 44, 423) have proved 
that all the caesium atoms which strike the surface, even at high temperature, 
condense, although the surface may be as much as 98% covered with adatoms. 
This must mean that the atoms incident on the surface move to vacant sites 
because of surface mobility. 

Even if there were no mobility at all we cannot justify the factor (1—6) 
in equation (12) if the sites are closely adjacent to one another. In this case it 
is more reasonable to assume that (1—6) should be replaced by (1—6*). 

Some of the fundamental postulates made in the derivation of equation 
(13) do not involve the particular mechanism that was assumed: 

1. The adsorption sites are all identical. 

2. At any given time only a negligible fraction of the sites contain more 
than one adatom each. 

3. The potential energy of an adatom in a site is independent of the presence 
of adatoms in other sites; in other words, the adatoms in separate sites exert 
no forces on one another. 

I will show later that from these postulates we can derive the hyperbolic 
adsorption isotherm by purely statistical methods. Any mechanism which is 
compatible with these postulates and with the reversibility principle must 
give the same isotherm, although each separate mechanism may give a dif- 
ferent equation for the kinetics of the adsorption process. 
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For example, let us consider that all atoms that strike the surface are able, 
because of their mobility, to move into vacant sites before they evaporate. 
Then equation (12) is to be replaced by 

a=1 (15) 
If, now, the adsorption is to occur in sites in accord with our three postulates, 
the isotherm must be of the hyperbolic form of equation (13). Therefore 
in this case we find by equations (6) and (15) that the evaporation », instead 
of increasing in proportion to 6 by equation (11) is given by 
» = Ad/(1—6) (16) 
From this, by equations (5) and (14), we conclude that the life t of an atom 
on the surface is no longer independent of the presence of other atoms, for 
it is given by 
t = t)(1—6) . (17) 

A careful analysis shows that this shortening of the life + as 6 approaches 
unity results from strong repulsive forces between pairs of atoms which oc- 
casionally occupy single sites. 

Caesium Films on Tungsten. The ionising potential of caesium is 3.9 volts, 
which is lower than that of any other chemical element, caesium being the 
most electropositive substance. The heat of evaporation of electrons from 
tungsten corresponds to 4.6 volts; thus the energy necessary to detach an 
electron from a caesium atom is 0.7 electron volt less than that required to 
extract an electron from metallic tungsten. Experiments have shown that 
each caesium atom which strikes a tungsten filament at high temperature 
loses its electron and escapes as a caesium ion if the filament is surrounded by 
the proper electric field. The electric current which flows from the tungsten 
thus gives a quantitative measure of the number of caesium atoms that strike 
the filament, and therefore by equation (1) it gives an accurate determination 
of the vapour pressure of the caesium (Taylor and Langmuir, Physical Rev. 
1937, 51, 753). If the current were measured by an electrometer sensitive to 
currents of 10-1” amp., it should be possible to detect a caesium vapour pres- 
sure as low as 10-% barye, which corresponds to a concentration of only 0.02 
caesium atom per cm?. 

I believe there is no case better adapted to a complete study of the mechanism 
of adsorption phenomena than that of the adsorption of caesium on tungsten. 
Not only can the number of caesium atoms on the surface of the filament at 
any given time be measured accurately, but in the same apparatus the contact 
potential, the rate of evaporation », of caesium atoms, the rate of evaporation 
vy of caesium ions, and the rate of evaporation of electrons », can be simul- 
taneously measured as a function of the filament temperature and o. From 
these data it becomes possible to calculate the forces acting between the adatoms, 
to measure the heats of evaporation, and to check these data against thermo- 
dynamic. equations. 
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The escape of caesium ions from the heated tungsten surface is an evapora- 
tion phenomenon, and thus below about 1000°K the atoms that strike the surface 
accumulate. As the surface concentration o builds up, the rate of atom evapo- 
ration increases, but if the filament is at room temperature, there is no ap- 
preciable evaporation until the surface becomes covered by a complete mona- 
tomic film of caesium. 

When the covering fraction 6 is less than 0.08, a sudden heating of the fila- 
ment to high temperature causes all the adsorbed caesium atoms to evaporate 
as ions. If the filament is surrounded by a negatively charged cylinder, this 
sudden burst of ions produces a momentary current which can be measured 
by a ballistic galvanometer or electrometer. With a good electrometer it should 
be possible, by allowing the caesium atoms to accumulate on the filament 
for 24 hours, to detect the presence of caesium vapour even with pressures 
as low as 10-* atm., which is the pressure corresponding to a concentration 
of one atom of caesium in every five cubic metres of space. 

A second method of measuring o, applicable to all values of 6, involves 
the sudden evaporation of the caesium as atoms, in the presence of a retarding 
field which prevents the escape of ions. This burst of atoms falls on a parallel 
neighbouring tungsten filament heated above 1300° from which these atoms 
escape as ions. The ballistic kick of current from this second filament thus 
measures o on the first filament. 

The conversion of caesium atoms into ions by a heated tungsten filament 
depends upon the ionising potential of caesium being less than the heat of 
evaporation of electrons from tungsten. Potassium and rubidium, which have 
ionising potentials less than 4.6 volts, therefore also form positive ions when 
their atoms strike a hot tungsten surface, but sodium, with an ionising potential 
of 5.1 volts, gives no appreciable positive current. 

By using a thoriated tungsten filament, the heat of evaporation of electrons 
can be lowered from 4.6 to 3.1 volts, lower than the ionising potential of caesium. 
Thus, caesium atoms do not readily form ions on a tungsten surface completely 
covered with thorium atoms. On the other hand, by forming’on the tungsten 
surface a film of adsorbed oxygen, the electron emission from the tungsten 
is greatly reduced and the heat of evaporation rises to 5.6 volts. A filament 
with such a film is capable of yielding positive ions even with atoms of sodium 
or lithium (Taylor, Z. Physik 1928, 52, 846; Physical Rev. 1930, 35, 375). 

At a given filament temperature, such as 1000°K, and at low 6, the ion 
evaporation rate », (observable only with accelerating fields) is several thousand 
times greater than the atom evaporation rate y,. At 0 = 0.01, », reaches a maxi- 
mum; and at higher values of @ it decreases rapidly, becoming less than +, 
at 0 = 0.08. A minimum value of », is reached at 6 = 0.5, the value of », 
then being only 10-* as great as the maximum at 6 = 0.01. 

With caesium vapour saturated at 20°C (10-* barye) the electron emission 
», increases to a maximum of 10-5 amp. cm~* when the filament temperature 
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is raised to 700°K. Under these conditions, which give 6 = 0.55, the emission 
is 10*° times greater than from pure tungsten at the same temperature in ab- 
sence of caesium. At still higher filament temperatures the emission rapidly 
decreases because of loss of caesium from the surface. 

If the filament temperature is kept constant and 6 is increased by raising 
the caesium vapour pressure, the emission rises to a maximum at 6 = 0.67. 
We have seen that with thorium and barium films on tungsten a similar maxi- 
mum of emission occurs at about the same value of 6. 
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Fic. 2. Contact potentials of monolayers of caesium and thorium on tungsten. 


From measurements of »,, the contact potential V can be calculated by the 
Boltzmann equation 


- »,/Vy = exp(Ve/kT) (18) 


where vy is the electron emission from pure tungsten at the same temperature. 
The contact potential is measured with respect to a pure tungsten surface. 
The points marked by circles in Fig. 2 (curve II) give the values of V cal- 
culated from », in this way. Curve III gives corresponding data for the contact 
potentials observed with a film of thorium on tungsten. 


29 Langmuir Memorial Valume IX 
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Each caesium adatom constitutes a dipole of moment M. The contact 
potential of the surface can be calculated by the equation 


V = 2n0,0M (19) 


Table II gives for films of caesium and thorium on tungsten the dipole 
moment M, calculated from the contact potential by equation (19). The decrease 
in M as 6 increases results from the partial depolarisation of each dipole by 
the intense electric field produced by neighbouring dipoles. These fields are 
of the order of 5 x10? and 8 x10’ volts cm=', for thorium and caesium respec- 
tively at 6 = 0.7. 




















Taare II 
Dipole Moments and Lives of Adsorbed Caesium and Thorium Atoms on Tungsten 
| Mxio* | mxi0 | 9 | Mx10" | x10" | 
Cs on W Th on W|Cs on Wer 30°C | Cs on W | Thon W Ios on W at 30°C 
0.0 16.2 3.9 4 x10" | 0.9 s | - ' 10 
0.1 13.0 3.3 14x10" | Mes to | 107 
0.5 8.2 1.9 1 3) x10" | 32 - 0.4 
ae at ee 


0.7 6.3 1.5 | 2 x10" 


| 





We saw that the repulsive forces between thorium adatoms on tungsten 
cause a shortening of the life t in the ratio 73:1 as @ increased from 0.07 to 
0.7. In the case of caesium films on tungsten the decrease in t with increase 
in 6, as shown in the last column of the table is much more marked. The most 
rapid change in log t occurs as 6 approaches unity. This is clearly the effect 
produced by the crowding of the atoms in the monolayer as saturation is ap- 
proached. 

The forces between the caesium adatoms are of two kinds. First, there is 
the long-range repulsive force f between any two dipoles, as given by 


= (3/2)M?2/rt : (20) 
where r is the distance between the adatoms. Secondly, there is the short- 
range force that prevents two adatoms from occupying the same site at the same 
time. It has been possible to develop a quantitative theory by which the varia- 
tion in », as a function of 6 can be calculated from the dipole moment M ob- 
tained by measurements of the electron emission. We shall outline this theory. 

Adsorbed Films as Two-dimensional Gases. An adatom on the surface of 

a crystalline solid has a potential energy which depends on the position of 

the atom with respect to the lattice of the underlying solid. By considering 

these forces and the forces f between pairs of adatoms, we can derive a two- 

dimensional equation of state (Langmuir, 7. Amer. Chem. Soc. 1932, 54, 
2817), 

F = okT +(1/4)oZ(rf) (21) 
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where the summation extends over all adatoms which act upon any one of 
them, and F is the spreading force, in dynes/cm, with which the adatoms 
tend to distribute themselves over the surface because of their Brownian 
movement and mobility. Under equilibrium conditions, neither the mobility 
nor the forces between the adatoms and the substrate influence F. 
When there are no forces of interaction between the adatoms, the adsorbed 
film behaves as an ideal two-dimensional gas, the equation of state being 
F = okT 
This equation is analogous to the ordinary ideal-gas law for three-dimensional 
gases, viz. 
p=nkT (23) 
The forces of interaction between adatoms may be of many types. In the 
development of the kinetic theory of gases, particular laws of force were postu- 
lated for special cases and corresponding equations of state were derived 
theoretically. Similarly, we may make various assumptions regarding the 
interactions of adatoms and obtain, by equation (21), many types of equation 
of state for adsorbed films. 
From any such equation of state, which expresses F as a function of o and 
T, a corresponding adsorption isotherm, giving p as a function of o and 7, 
can be derived by means of the thermodynamical equation of Gibbs 
dF/d In p = okT (24) 
It was found by J. Traube in 1891 that in very dilute aqueous solutions, 
surface-active substances depress the surface tension in proportion to their 
coneentration. This lowering of the surface tension y can be looked upon as 
being due to the spreading force F exerted by the molecules in the adsorbed 
film, so that : 
F=y-y (25) 


where yp is the surface tension of the pure solvent. Thus Traube’s observation 
means that in very dilute solutions, F increases in proportion to p. By substi- 
tuting p = const. XF in equation (24), it was shown (Langmuir, 7. Amer. 
Chem. Soc. 1917, 39, 1888) that the ideal two-dimensional gas law, (22), applies 
to dilute films. The equation was originally given in the form 


Fa=kT . (26) 
where a, the area of the surface divided by the number of adsorbed molecules, 
is equal to 1/c. 

To take into account the short-range forces that prevent any two adsorbed 


molecules from occupying the same space at the same time, Volmer and I 
independently proposed the equation 


F(a—a)) = kT (27) 


Google 


452 Monolayers on Solids 


where a, is constant. The factor (a—a) corresponds to the analogous factor 
(o—+) in the van der Waals equation of state for gases. In the derivation 
of the latter equation, by assuming that } is small compared to 9, it is found 
that b is four times the actual volume of the molecules in the gas, these molecules 
being regarded as hard elastic spheres. By similar reasoning, which is valid 
only for low surface concentrations, Volmer (Z. physikal. Chem. 1925, 115, 
253) showed that a, in equation (27) should be twice the actual projected 
area of the adsorbed molecules. The application for which I proposed equation 
(27), however (Colloid Symposium Monograph 1925, 3, 72), was one which 
involved high surface concentrations and the quantity a) was thus interpreted 
as the limiting value of a as F was made to increase indefinitely. On this basis, 
a, is the reciprocal of o, as given in equation (14), and therefore the equation 
of state (27) can be written 

F = 0,kT6/(1—6) (28) 

Although this equation serves as a useful rough approximation to cover 
the range in 6 from zero to 1, it cannot be regarded as having a sound theoretical 
basis. To compare the many equations of state that can be derived on the basis 
of different postulates regarding the forces of interaction it will be convenient 
to express any equation of state in the form 

F = 0,kT6/Y(6) (29) 
where Y(6) is a function of 6 which must approach unity at low values of 6 
and approach zero when @ becomes nearly unity. If we put Y(#) = 1—6, we 
evidently obtain (28). 

Tonks (Physical Rev. 1936, 50, 955) has made a study of the complete 
equation of state for one-, two-, and three-dimensional gases of hard, elastic 
spheres. For low values of @ he obtains a result which is equivalent to the 
following 


Y(0) = 1—1.8140+-0.726%... (30) 
The limiting expression for values of 6 approaching unity is 
Y(0) = 1-6"? = (1/2)(1—6) +(1/8)(1—6)*... (31) 


At high values of 6, Tonks shows that the adatoms are forced into ap- 
proximately hexagonal, close-packed arrangements, the centre of each atom 
being able to move only within a small hexagonal region. 

The rather complicated empirical interpolation formula for the whole 
range of 8 which Tonks gives can be much more simply represented (within 
about 1%) by the equation 

¥(6) = (1—4)/(1+8) (32) 

Fig. 3 gives Y(0) for several typical equations of state. Curve I, a straight 
line, Y(6) = 1—6, corresponds to equation (28). Curve II, the hyperbola 
of equation (32), gives the following equation of state: 


F = 0,kT0(1+6)/(1—6) (33) 


Google 





Monolayers on Solids 453 


By means of (24) we can obtain from each of these equations of state the 
corresponding adsorption isotherm. Thus from (28) (curve I), we get 


In (p/6) = 0/(1—6)—In (1—@)+ const. (34) 
while from (33) (curve II), we find 
In(p/6) = 26/(1—4)—2 In(1—6) + const. (35) 





Fic. 3. A comparison of equations of state of typical adsorbed films. F = 0,k70/Y(0). 


Just as we have used a function Y(6) to compare various equations of state 
by equation (29), we can now use another function Z(6) to characterise the 
adsorption isotherms which may be put in the form 

p = BO/Z(6). (36) 

Here B is a constant which depends on temperature, and Z(6), like Y(@), 
is a function which approaches unity at low values of 6 and approaches 0 when 6 
becomes nearly unity. Curves I and II in Fig. 4 represent the Z(6) function 
for the isotherms of equations (34) and (35). 

The straight line (curve III in Fig. 4) gives the function Z(#) = 1—6, 
which corresponds to the hyperbolic isotherm of equation (10). By eliminating 
p between (10) and (24), we find that the equation of state that corresponds 
to this hyperbolic isotherm is 

F = —o,kT In (1—8) (37) 
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from which we find, by (29), 
Y(6) = —6/In (1—6) (38) 
Curve III in Fig. 3 is a graph of this function. 

The marked difference in the equations of state represented by (33) and 
(37) (curves II and III) results from the different types of force of interaction 
assumed in the derivation of these equations. Thus Curve II, equation (33), 
is based upon intense forces of repulsion between adatoms that act only when 
the centres of the atoms are a definite distance d apart, d being the diameter 
of the atom. On the other hand, Curve III, in Fig. 3, equation (37), involves 
only forces of interaction that prevent any two atoms from occupying the 
same site at the same time—forces that depend on the underlying lattice. 


Lo 





ag to 


Fic. 4. A comparison of adsorption isotherms of typical adsorbed films. p = B0/Z(6). 


Adsorption Isotherms and Equations of State for Atoms having Diameter 
greater than the Shortest Distances between Sites. In the derivation of the hyper- 
bolic isotherm, equation (10), it was assumed that each adsorption site can 
contain one, but never more than one, adatom. It is evident that if the diameter 
d of the adatoms is greater than the shortest distance d, between sites, then 
the presence of each adatom prevents other atoms from occupying certain 
neighbouring sites. Under these conditions, therefore, the hyperbolic isotherm 
cannot apply. 
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In Fig. 5 the small black dots represent sites which form a square lattice. 
The adatoms, shown as large circles, have diameters greater than the lattice 
constant of the sites, the ratio d/d, being 1.25. Let us draw a circle of radius 
d about the centre of any adatom, taking as an example the atom whose co- 
ordinates (x, y) are (7, 12). The five sites that lie within this circle cannot 
be occupied by other atoms; they form a pattern which we shall call the exclusion 
pattern. Let E be the number of sites in the exclusion pattern of an adatom; 
in the example of Fig. 5, EH = 5. If the diameter of the atom were slightly 
greater than 1.41d, we would have E= 9. 
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Fic. 5. Typical arrangements of adatoms on a square lattice for the 
case y= 2, E= 5, ds = 1.0 d= 1.25, e = 0.69. 


Let o, be the total number of sites per unit area and a, be the number of 
sites per unit area that lie within exclusion patterns of adatoms. If o, is the number 
of free sites per unit area, then evidently 


0, = 6,—6; (39) 
The small circles in Fig. 5 denote free sites; i.e., places into which atoms can go. 


The adatoms of Fig. 5 can be divided into two groups, as shown by the two 
types of hatching of the large circles, according as the sum, «+, of the co- 


Original from 


Digitized by (GOC gle UNIVERSITY OF MICHIGAN 


456 Monolayers on Solids 


ordinates of each of the atoms is an odd or an even integer. The broken lines 
mark the boundaries between odd and even surface phases. For example, 
the adatom at (5, 14) belongs to the odd phase because 5+14 = 19 is an odd 
integer. 

In order to get the densest possible packing of adatoms within a given area, 
it is necessary that all the atoms in that area should belong to the same surface 
phase. With this closest packing, the number of adatoms per unit area o, is 
half o,, the surface concentration of sites. Let us define a quantity » by 

y=a,/o, (40) 
In the particular case illustrated in Fig. 5 we have y = 2. If the adatoms have 
diameters less than d, every site can be occupied, and therefore E = 1 and 
y = 1. With adatoms of larger diameter y increases. Thus if d is slightly greater 
than f2d,, E=9 and y = 4. 

Let us make the problem of the adsorption isotherm definite by assuming 
that the presence of an adatom in a given site has no effect on the adsorption 
in sites that lie outside of its exclusion pattern. To calculate the adsorption 
isotherm we shall adopt a generalisation of a rigorous statistical method used 
by Hiickel (Adsorption und Kapillar-Kondensation, Akad. Verlagsgesellschaft, 
Leipzig, 1928, p. 157) in his derivation of the hyperbolic isotherm, equation (10). 

Consider a gas of pressure p in equilibrium with an adsorbed film of gas 
on the surface of a crystal. Select a particular atom of gas and follow its history 
as it moves back and forth between the gas and the surface phases. Since this 
atom, when it condenses on the surface, can go only into free sites, the total 
probability that it is on the surface at any given time is proportional to o,. 
There is an equal probability that any other atom in the system will be found 
on the surface, and since the number of such atoms is proportional to the 
pressure, the adsorption isotherm can be written 


o = Apo, (41) 


where A is: an undetermined constant which depends on temperature. 

For the special case of adatoms having diameters less than d,, we have 
E=1, o,=0, 0,=0,, and therefore by equations (40), (39), and (14), 
y = 1 and o, = o,(1—6). By substituting these values in (41) we can derive 
the hyperbolic isotherm of equation (10). 

For the general case, where y may have values greater than unity, the 
isotherm,* for low values of 0, is expressible as a series. 


6 = Ayp(1—K,0 +K,6? +K,6* + ...) (42) 


* The theory of adsorption on crystal lattices which is outlined in these pages was devel- 
oped early in 1936 but has not yet been published in detail. However, a paper presenting 
the results was read before the American Physical Society (Physical Rev. 1936, 50, 393), and 
the generalised adsorption isotherm with a curve for the case y = 2 were incorporated in Tonks’s 
paper of 1936 (loc. cit.). Roberts (Proc. Roy. Soc. 1935, A, 152, 472) and Morrison and Roberts 
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The coefficient K, can be calculated by considering that at low values of 6, 
where the higher order terms are negligible, the exclusion patterns of separate 
atoms do not overlap, and therefore o, = oF. Introducing this into equation 
(39), and eliminating o, by (40), we obtain a value of a, which by (41) gives 
6 = Ap(y—E6). A comparison with (42) shows that : 

K, = E/y (43) 


The calculation of K, requires consideration of the overlapping of the 
exclusion patterns between pairs of adatoms. For the case illustrated in Fig. 5 
with y = 2, (42) becomest 


@ = 2Ap(1—2.50 +1.562-+0.756"-+ ...) (44) 


The corresponding equation of state can be calculated by equation (24). 
It can be expressed in the form of equation (29) by placing 


Y¥(6) = 1—1.256 +-0.486? +-0.2268 ... (45) 


Curve IV of Fig. 3, in the range 6 < 0.4, is a plot of this function, while Curve IV 
of Fig. 4, in the same range, is a plot of Z(0) obtained by comparing equations 
(36) and (44). 

The peculiar conditions that arise, in the case y = 2, when 6 becomes large 
are illustrated in Fig. 5. This diagram of a typical arrangement of adatoms 
was constructed by placing adatoms one after the other in free sites selected 
at random by drawing numbered cards from a shuffled pack. 

If such a surface array of adatoms is in equilibrium with a gas, we see by 
equation (41) that, as the pressure p is increased indefinitely, the number 
of free sites, o,, must approach zero; but it is not evident that o must approach 
its maximum value o,, which corresponds to @ = 1. In Fig. 5 six free sites 
are shown, but only five of these can be filled by adatoms, since the two 
adjacent sites (4, 5) and (4, 6) cannot both be filled. A large increase in pres- 
sure would cause most of these free sites to be filled, but even if all should 
be filled, only 83 out of the 225 sites would be occupied, giving a limiting 
value of 6 = 0.74. 


(tbid. 1939, A, 173, 1, 13) have considered the irreversible adsorption of oxygen molecules to 
give pairs of adjacent adatoms (E = 2). Chang and Fowler (Proc. Camb. Phil. Soc. 1938, 34,224), 
have dealt with the effects of attractive and repulsive forces between adjacent adatoms and have 
shown that in the latter case a surface superlattice may result. 

(Note added, March 15th, 1940) Roberts has summarised theoretical developments in this 
field in a booklet,“‘Some Problems in Adsorption,” Cambridge University Press, 1939. A more 
detailed analysis of the condensation of atoms to form an immobile adsorbed film for the case 
y = 2, E= 5 has recently been published by Roberts (Proc. Camb. Phil. Soc. 1940, 36, 53). 
The adsorption isotherm obtained by Roberts and others for this case is essentially different 
from that given in the present paper. The derivations of the adsorption isotherms for the cases 
y= 2, E=5 and y = 4, E = 9 are contained in a paper by Tonks, which was recently sub- 
mitted to the Journal of Chemical Physics. He shows that Roberts’ application of Bethe’s statis- 
tical method to this problem is incorrect. 

t The coefficient of the last term was calculated by Tonks. 
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The two rows of excluded sites along each boundary between the odd and 
even phases are responsible for the failure of 6 to become unity when the free 
sites are made to disappear. Thus the deficiency of adatoms caused by the 
boundaries, which we shall denote by 6, and which is measured by 1—8, 
varies in proportion to the total length of the phase boundaries per unit of 
surface. As a unit for measuring both the lengths of the boundaries and the 
unit of area, let us choose the distance between adjacent adatoms within a single 
phase: 

a, = V2xd,=1/\/, (46) 

The total length of boundaries per unit area expressed in this way in terms 

of a, and (a,)* is a dimensionless quantity which we shall represent by L. The 

actual length of the boundaries (in cm) per unit of surface (in sq. cm) is thus 

L/a,. At high pressures which make the number of free sites negligible we 
then have 

6, =1-0=L/2 (47) 


Any random one-way process of building up the adsorbed film (y = 2) 
thus leads to a pseudo-saturation in which 6 approaches a limiting value 1—6,. 
Numerous experiments with balls of } inch diameter, randomly placed on 
a square lattice formed with }-inch balls, have demonstrated that this limiting 
value of 6 is always very close to 0.73. If, however, we provide a mechanism 
of equilibration by removing balls at random and replacing them among the 
free sites by random selection, we find that the phase boundaries slowly shift 
their positions and decrease in length, causing an increase in 6. An examination 
of the mechanism of these slow changes, as well as a consideration of the as- 
sociated free-energy changes, shows that at very high pressures the final equilib- 
rium state should be one in which only a single surface phase is present over 
any given finite area. 

Equation (41) is applicable, not only to this final state of true equilibrium, 
but also to rapidly established pseudoequilibrium that exists during the 
slow equilibration process. The number of free sites, if small compared to 
the number of occupied sites, is given by o, = o,(1—@,—6)/(1—0.40,); 
and therefore equation (41) gives the following adsorption isotherm for the 
pseudoequilibrium: 

6 = Ap(1—6,—6)/(1—0.49,) (48) 
If the equilibrium is disturbed by a sudden change in pressure, there will be 
a relatively rapid change in 6 to bring about a new equilibrium given by equation 
(48) with the new value of p but with the old value of 6,. 

The final equilibrium state, reached only after the slow changes in the 
phase boundaries have been completed, is given by (48) if we put 0, =0. 
This equation is a limiting expression applicable only for high values of 0. 
Dr. Tonks has made a careful study (unpublished work) of the second- and 
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third-order effects and has obtained an expression for the adsorption isotherm 
for 6 >0.5: 
6 = Ap(1—6)[1—3(1—6)* +5(1—6)] (49) 


The Z(@) function for this isotherm is represented in Fig. 4 by the portion 
of Curve IV that extends from 6 = 0.5 up to 6==1. A double logarithmic 
plot of Z(6) as a function of 1—6@ has been published by Tonks (Joc. cit., 1936), 
but the derivation was not given. The part of curve IV in Fig. 4 that corresponds 
to 6< 0.5 was calculated from (44). 

Because the two series used in calculating Z(6) for curve IV do not converge 
rapidly for values of 6 between 0.3 and 0.7, this intermediate part of the curve 
must be regarded as an empirical extrapolation. However, several points in 

. this intermediate range have been checked by experiments in which }-inch 
steel balls, placed at random on a square lattice of $-inch balls, were subjected 
to prolonged equilibration by a random selection process. 

The equation of state that corresponds to this adsorption isotherm is repre- 
sented by its Y(@) function in curve IV of Fig. 3. These curves and equations 
(44)-(49) all apply to the case illustrated in Fig. 5, where E=5, y= 2 
and d,<d< 1.41d,. 

With still larger adatoms of diameters from 1.42d, to 2d,, we have E = 9 
and y = 4. Dr. Tonks has found that the limiting expressions for this case are 


6 = Ap(1—2.256 +1.067 + ...) (50) 
and 
6 = (A/2)p(1—6)* (51) 
Although the exact form of this isotherm for intermediate values of 6 would 
be difficult to calculate, it seems that a good approximation is given by an 
equation of the type 
6 = Ap(1—6)" (52) 
If we put n = 2.25 we obtain an isotherm which agrees well with (50) when 
6 is small; and with (51) when 6 is large. Curve V in Fig. 4 is a plot of 
function Z(6) = (1—6)**5 which represents the isotherm of (52). 
The equation of state that corresponds to (52) is given by 


3 F = 0,kT[(1—n)0—n In (1—8)] (53) 


This reduces to (37) if n = 1, while for the case n = 2.25 it gives the function 
Y(6), shown by curve V, in Fig. 3. 

With further successive increases in adatom diameter, or progressive decrease 
of lattice constant, d,, both E and y increase by irregular steps so that K;, which 
depends upon E/y, by equation (43), shows both positive and negative increments. 
However, as E and y increase without limit, an integration process shows that 
K, and K, in (42) approach the limits K, = 3.63 and K, = 2.72. If the corre- 
sponding equation of state is calculated by (24), we obtain the same series 
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expression for Y(@) that is given by (30). Thus the case in which y is infinite 
is equivalent to that of the adsorption of rigid spheres not held in fixed sites 
(mobile monolayers). Curves II in Figs. 3 and 4, which are based on 
equations (32) and (35), apply to this case and are therefore properly marked 
y =o. 

We have so far considered only square lattices in illustrating the effects 
of making the adatom diameter greater than d,. Similar effects occur with 
other types of lattice. An interesting example is found when adatoms are placed 
upon a substrate consisting of a plane hexagonal close-packed arrangement 
of atoms such as that in the 111-face of a face-centred cubic crystal. If each 
adatom makes contact with three substrate atoms, there are twice as many 
adsorption sites as there are substrate atoms. The shortest distance, d,, between 
sites is only 58% of the distance, d,, between substrate atoms. Thus, only if the 
adatom diameter d is less than 0.58d, does the hyperbolic adsorption isotherm 
apply. When the adatoms are as large as the substrate atoms, only half the 
sites can be filled and we have y = 2 and E = 4, 

Curves III and II in Figs. 3 and 4 represent the extreme types of 
equation of state and adsorption isotherm that result directly from the lattice-like 
arrangement of the atoms in the substrate. These cases that we have considered, 
however, involve only repulsive forces that prevent two adatoms from occupying 
the same site or sites that lie closer than a minimum distance d. 

If we take into account attractive forces that cause clustering of atoms, 
such as those which Mayer and his co-workers (7. Chem. Physics 1937, 5, 67, 
74; 1938, 6, 87; Band, ibid. 1938, 7, 324) have successfully used in deriving 
equations of state for gases, we should obtain curves for Y(6) and Z(6) that 
lie above the curves III in Figs. 3 and 4. With two-dimensional ‘gases, however, 
because of the orientation of molecules or the polarisation of atoms by the 
substrate, we should expect repulsive forces to predominate and so obtain 
curves that may lie even below Curve II. 

Equation of State for Caesium Adatoms on Tungsten. Taylor’s studies of 
the evaporation of caesium adatoms from a tungsten surface have provided 
data for the calculation of the isotherm and the equation of state for the whole 
range in @ from 0 to 1. The measurements of electron emission permit the 
determination of the dipole moment and thus the long-range repulsive forces 
between the adatoms. By allowing for these known forces we can then find 
the effect of the short-range forces. 

Col. 2 of Table III gives Taylor’s data for »,, the rate of evaporation of 
adatoms (atoms cm~? sec~!) at 800°K as a function of 9. The limiting value 
of v,/0 as 6 approaches 0 is found to be 2.24x10°, and therefore Z(6), 
defined by equation (36), is equal to 2.24 x 10° 0/v,, as given in col. 3 of Table III, 
and in Curve VI of Fig. 4. The effect of the strong repulsive forces between 
the caesium adatoms is here manifested by the very small values of Z(6) ; 
when 0>0.6, Z(0) is less than 10-5 as great as for any of the other isotherms. 
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The values of F in col. 4 have been calculated directly from », by means 
of equation (24), and from these the values of Y(6), as defined by (29), have 
been obtained (col. 5 of Table III and curve VI of Fig. 3). We see that 
the effect of the repulsive forces is to cause a rapid decrease in Y(8), and con- 
sequent increase in F, in the range in 6 from 0-0.1, with a slower decrease 
at higher values of @ until, at 6 = 0.87, the curve crosses Curve II. 


Taste III 
Data for Caesium Films on Tungsten at 800°K 





























1b 2 fs 4 5 6 | 7 8 9 10 

6° % | 26) F | yo | Vo |Mx10"| Fy F, | Y‘%@) 
0 | 0.00 |1.000 0.00 | 1.000 | 00 . 16.2 | 0.00 ; 0.00 | 1.000 
0.01 | 3.2x 10? 0.707 0.46 | 0.850 | 0.106 | 15.7 0.06 | 0.004; 0.99 
0.02: 9.0107 '0.500 1.06 | 0.741 . 0.208 | 15.2 0.26 | 0.016| 0.98 
0.05 | 6.3x10* {0.178 3.6 | 0539 048 | 13.9 1.6 | 0.103] 0.95 
0.10| 6.4 10° '0.035 104 | 0.377 | 087 | 13.0 6.0 | 043 | 0.90 
0.2 |2.7x101 1.7x10*| 31.9 | 0.244 | 150 | 11.2 | 222 | 20 | 080 
0.3 | 63x10 1.1x10-| 62.6 | 0.187 | 2.00 ; 9.93 | 45.9 | 5.0 | 0.70 
0.4 | 1.1x10"'8.3x10-*| 101.4 | 0.154 | 242 | 9.01 | 75.3 | 10.6 | 0.599 
os | 4.5x10%17.3x10-7/ 148 | 0.132 | 2.74 | 8.15 | 106 23 «| (0.467 
0.6 | 21x10" 6.4x10-*| 204 | 0.115 | 289 | 7.18 | 129 52 0.312 
0.7 |3.0x10"'5.2x10-*| 272 | 0.101 | 292 | 6.23 | 142 | 103 0.210 
0.8 | 7.6x10#'2.4x10-| 367, | 0.085 | 287 | 5.34 [142 | 194 0.139 
0.9 | 3.0x 1016.8 x 10-4] 587 | 0.060 , 2.72 | 4.50 1130 | 422 0.077 
0.95 | 3.1.x 10% 6.8x 10-1 990 0.038 | 2.66 4.17 | 114 840 0.042 
1.001 co | oO co 0,000 | 262 | 3.90 |120 | © 0.000 








Col. 6 of Table III and the full-line curve of Fig. 2 contain the contact 
potential V of the caesium-covered surface against pure tungsten, as defined 
by ‘equation (18). Between 6 = 0.15 and 0.78, they are based directly upon 
measurements of the electron emission, »,, but outside this range, the curve 
may be looked upon as extrapolated. 

Col. 7 gives the dipole moment M calculated from V by (19). The force 
f acting between dipoles is given by (20). 

It is seen from (21) that the spreading force F can be regarded as consisting 
of three components, 

F=F,+F,4+Fy (54) 


where F, is the contribution, okT, of the Brownian movement, as given by 
the ideal-gas law of equation (22); F, is the component which involves the 
short-range forces that act during contacts between atoms or that confine the 
atoms to definite sites. Finally, Fy is the contribution that results from the 
long-range repulsive forces due to the dipole moments of the adatoms. It has 
previously been shown (Langmuir, J. Amer. Chem. Soc. 1932, 54, 2822) that 


Fy = 3.34.05?M? +1.53 x 10-80? T™8 M*4] (55) 
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where I is an easily determined integral whose numerical value can never 
exceed 0.89 and which is less than 0.2 for 6>0.3. 

The value of Fy, calculated in this way from M and indirectly from the 
electron emission is given in col. 8, while the value of F, calculated from 
the known value of F, by equation (54), is in col. 9. 

It will be noted by comparing F, and Fy, that at low values of 6 the contri- 
bution from the long-range force (F,) is about 16 times that of the short-range 
forces. Above about 6 = 0.75, the short-range component becomes greater 
than the long-range component. It is evident, therefore, that the experiments 
with caesium films are particularly suitable for determining Fy at low values 
and F, at large values of 0. 

In the previous theories of the properties of caesium films on tungsten 
(Taylor and Langmuir, 1933) it was assumed that the short-range forces 
together with Fy gave contributions in accord with equation (28), corresponding 
to curve I in Fig. 3. These values of F, and F, were then subtracted from 
F to obtain the values of Fy, and from these, M and V were calculated. 
The broken line (curve I) in Fig. 2 gives the values of V obtained in this 
way. In the range of 6 from 0.15 to 0.5 they agreed well with the values experi- 
mentally determined from the electron emission. 

The present lack of theoretical justification for the equation of state of curve 
I suggests that the discrepancy between curves I and II.in Fig. 2 is due 
to incorrect values for F,, assumed in the previous work. 

A better procedure is to take the values of V in curve II and in col. 6 as 
being given directly by the experiments, and from these to calculate Fy and 
F, in cols. 8 and 9. From F,+¥F, we can then obtain the corresponding value 
of Y(@) defined by equation (29). These values, denoted Y‘(6) in the last 
column of Table III, are plotted in curve VII, Fig. 3. They represent the 
equation of state after elimination of the contribution of the long-range forces. 
They can thus be compared directly with the other curves, I—V in Fig. 3. 

Up to @ = 0.45, curve VII coincides with curve I. The accuracy of this 
fit is of little significance, for it results from having used the isotherm of equation 
(28) for two of the components of F in constructing the lower part of the 
heavy-line curve in Fig. 2, a procedure justified by the agreement with the 
experimental values of V. Above 6 = 0.5, curve VII falls consistently below 
curve I and approaches curve II. 

Both caesium and tungsten give body-centred cubic crystals, the lattice 
constant for caesium being close to twice that of tungsten. Thus the number 
of sites for caesium atoms on tungsten should correspond to y = 4. Curve 
V in Fig. 3, which applies to this case, lies very close to curve I up to 6 = 0.4. 
The agreement between curves VII and V in this range is compatible with 
the adsorption of caesium atoms in definite sites in the tungsten surface. 

Experiments on the mobility of caesium adatoms on tungsten have shown 
(Langmuir and Taylor, Physical Rev. 1932, 40, 463; 1933, 44, 454; Langmuir, 
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Jj. Franklin Inst. 1934, 217, 555) that at low values of @ there is an energy 
barrier of 0.61 electron volt hindering the passage of adatoms between adjacent 
sites. Since the dipole moment and the heat of evaporation decrease greatly 
as 0 increases, it appears probable that the magnitude of the barrier also decreases. 
Thus the difficulties in reaching high values of 6 with random arrangements 
of adatoms when y = 4 (illustrated in Fig. 5 for the case y = 2) should 
force the atoms into positions between the fixed sites. This would account for 
the fact that curve VII at high values of 6 departs from curve V and approaches 
curve II, which applies to the case where the atoms are no longer in fixed 
sites. 

Since F, is so much larger than Fy, at high values of 6, the shape of 
curve VII at high values of @ should not depend greatly on the particular 
form of theory which has been used in calculating F,, from V. The small differ- 
ence between curves VII and II in this range may be due to a slight residual 
effect produced by the lattice-like structure of the tungsten, or it may depend 
on the particular value of o, used in these calculations. This value, 3.56 x 10", 
was based upon the spacing of tungsten atoms in a 110 face of a tungsten 
crystal. Recent work by Johnson (Physical Rev. 1938, 54, 459), however, 
has raised doubt as to whether the surface of tungsten filaments consists wholly 
of these faces. 

A further test of the theories that we have used in analysing the properties 
of caesium films on tungsten is provided by measurements of the rates of 
evaporation, »,, of positive ions in accelerating fields. Thermodynamic reasoning 
involving the Saha equation has led (Langmuir, J. Amer. Chem. Soc. 1932, 
$4, 2826) to the equation 


In (2y,) = In »,-+(¢/kT)(Vy—V,—V) (56) 
where V, is the ionising potential of caesium (3.874 volts), and Vy is the 
energy of evaporation of electrons from tungsten (4.622 electron volts). Thus 
from the data for », and V in cols. 2 and 6 of Table III it is possible to cal- 
culate, for any given value of 0, the corresponding value of ¥,. The five 
points marked by crosses on the lower part of the curve in Fig. 2 were deter- 
mined by the converse process of substituting into equation (56) experimental 
values of », and y, and solving the equation for V. The good agreement with 
the values found by the entirely independent method involving measurement 
of electron emission gives strong support to the theory. 

Slow Approach to Final Equilibrium at High Pressures when y = 2. Fig. 5 
illustrates a typical arrangement of adatoms on a square lattice for the case 
y = 2 when atoms have been added to the surface until a state approaching 
pseudosaturation has been reached, with 0, = 0.26. 

Figure 6 shows, on a much smaller scale, a larger surface which has been 
subjected to prolonged equilibration, sufficient to bring 0, from its usual 
initial value of about 0.27 down to 0.20. The pressure is assumed to be so high 
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that no appreciable number of free sites are present. The black dots in this 
figure denote, adatoms, but the sites are not marked. The even and odd phases 
are represented by the hatched and unhatched areas respectively. 

A well-known, but unproved, mathematical theorem states that in the 
construction of a map, with countries of any arbitrary shapes, four colours 
are needed to distinguish the separate countries so that the same colour will 


80- 





Fic. 6. Typical arrangement of adatoms on a square lattice after partial equilibraiton, 
y= 2, E=5, d/d,= 1.25, 0 = 0.80. 


never appear on both sides of any boundary. It is evident, since we have only 
two surface phases in Fig. 6, that the shapes of the boundaries of these phases 
are subject to some restrictions. For example, they must be such that three 
boundaries never meet at a point. In general, therefore, the boundaries resemble 
contour lines on a map forming closed curves which often enclose others, 
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Across any finite square region selected from a larger area there is usually 
a single boundary that runs from one side of the square to the opposite side, 
but this prevents any boundary from extending between the other pair of 
sides. Thus, for example, in Fig. 6 there is a boundary that starts at the lower 
edge at a point x = 39 and extends to the upper edge at x = 51. There is, 
however, no boundary running from the left- to the right-hand edge. 

A mathematical study of two-phase systems of this kind has led me to some 
equations (not previously published) which describe the distribution and other 
properties of these boundaries. Consider a straight line drawn at random 
across a typical arrangement of two phases. Let @ be the average number of 
intersections per unit of length which this line makes with the envelopes or 
boundaries of the phases. The changes in distribution of envelopes that are 
brought about by equilibration produce a gradual decrease in g. We shall 
describe a film as being in the initial state if it has been built up to 6 = 0.73, 
6, = 0.27, «,/a, = 0, by a one-way process consisting of placing adatoms one 
by one into free sites selected at random. 

For a film in this initial state we find that do, the probability per unit length 
that the straight line meets an envelope whose perimeter lies between 4 and 
A+dA, is given by 

A.do = H.da/a (57) 
where H is a pure number that is approximately 7. It will be convenient to 
express 9 and A in terms of a, the unit of length, defined by equation (46), 
that we previously used to measure L. The actual length of an envelope, expres- 
sed in cm, is thus a,4. Equation (57) is applicable only to envelopes which 
are of sufficient size to contain large numbers of atoms; we shall see, however 
that this restriction is of minor importance. 

The frequency of intersection 9 between the straight line and the envelopes 
increases in proportion to L, the relative total length of the boundaries. We 
find in fact that 


e = (2/n)L (58) 

From (57) and (58), the following distribution law for envelopes of a film 
in the initial state can be derived: 

N = 2H/4# (59) 
where N is the number of envelopes per unit area (in a} units) that have peri- 
meters greater than A. 

Let us now subject the film to equilibration by successive removal of single 
adatoms, selected at random, and simultaneous return of an equal number 
of atoms to the surface by random choice of free sites. We shall assume that 
the pressure is so high that o, > o,. A measure of the amount of the equili- 
bration is given by a quantity 7, which may be defined as the ratio of the number 
of atoms removed from any given area. A to the total number of atoms, oA, 
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present on the same area, this latter number being kept constant by replacing 
as many atoms as are removed. 

The mechanism of the slow shifts in the positions of the envelopes that 
cause the gradual shortening of the perimeters can be understood by exami- 
nation of Figs. 5 and 6. The closed broken lines that form the envelopes have 
a number of external and internal corners, but the number of external corners 
must always be 4 more than the number of internal corners. For example, 
the envelope containing 18 adatoms that surrounds the hatched area about 
the point having co-ordinates (20, 40) in Fig. 6 has 7 external and 3 internal 
corners; its perimeter is A = 24. 

The removal of an adatom from an external corner gives two free sitesl 
one belonging to each of the surface phases. In all other cases, however, only 
one site is made free. Whenever an atom is removed from an external corner 
there is thus a 50% chance that, by the filling of the resulting free sites, there 
will be a transfer of an adatom from the internal to the external phase. Since 
each envelope has 4 more external than internal corners, there is a constant 
tendency for adatoms to escape from any envelope. 

Let us consider a particular envelope which in its initial state had a perimeter 
4). Analysis shows that during the course of equilibration the perimeter A 
decreases in accord with the equation 

2 = B—2e*n (60) 
where e?, the ratio of 4? to the number of adatoms within a completely filled 
envelope, is approximately 36. 

From (60) we can now determine the distribution function for envelopes 
during equilibration: 

N = 2H/4(2? +27) (61) 
where N is the number of envelopes per unit area which have perimeters 
greater than 4. 

These equations enable us to calculate L, the total length of the perimeters 
of all the envelopes per unit area. From this, by equation (47), we obtain 


0, = x*H/16¢(2n)¥? (62) 
The total number of envelopes per unit area obtained by putting 4 = 0 in (61) is 
Ny = 1H/8en (63) 

and the average perimeter of the envelopes (L/No) is 
Iag = m1€(n/2)"* (64) 


Thus the average length of the perimeters increases with the square root 
of 7, the amount of equilibration, while the total length of the envelopes 
decreases because of the more rapid decrease of their number. 

From (62) and (47), by introducing the numerical values H = 7 and 


€ = 6, we obtain 
n = 0.26/(1—6)? (65) 
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an expression which applies to the slow changes in @ during equilibration when 
y = 2 and the pressure is so high that the film is in a state of pseudosaturation. 
Thus the rate of approach to the final state (9 = 1), which can be measured 
by d6/dn, varies as (1—6)*. 

With adatoms which occupy a still greater number of sites, i.e., when 
y >2, it is probable that saturation is even more difficult to attain and that 
the exponent of (1—@) in equation (65) should have some integral value 
greater than 2. : 

From our definition of 7 as a measure of the degree of equilibration, this 
quantity must increase in proportion to the time t, but we need now to examine 
its dependence on pressure. If atoms from the gas phase pass directly into 
free sites during equilibration, then the condensation coefficient a, in accord 
with equation (12), should vary in proportion to o,. Therefore 7 should depend 
upon the product po, and by equation (41) should be nearly independent of 
pressure if this high enough to bring about pseudosaturation. 

If, as was found for the condensation of caesium on tungsten, the value 
of a is higher than that given by (12), the mechanism of equilibration must 
involve a low concentration of mobile atoms in a second adsorbed layer. It is 
also probable that surface mobility of the adatoms in the first layer contributes 
to the rate of equilibration. 

Thus by hopping to an adjacent site it is possible for an adatom of one 
surface phase, if the atom is located at an external corner of the envelope 
of that phase, to pass into the other phase. For example, by Fig. 5 we see that 
the atom of the odd phase at (x, y) = (8, 11) can pass into the even phase 
by hopping into the adjacent site at (8, 10). Let r, be the average life associated 
with this process, i.e., t, is the average time that elapses before an adatom 
located at an external corner passes into the adjacent available site. Mechanisms 
of these types have been considered in some detail in connection with caesium 
films on tungsten (Taylor and Langmuir, Physical Rev. 1933, 44, 423; see 
particularly pp. 455-458). Using the concepts and nomenclature there intro- 
duced, we obtain 


1 = (2t/%0)(t2/t> +%/Tx) (66) 


where t is the life of an isolated adatom in the first layer before the atom evap- 
orates, t, is the corresponding life for an isolated atom in the second layer 
and t, is the average time that elapses before an atom in a given site in the 
second layer passes to an adjacent site (t, determines the surface diffusion 
coefficient of atoms in the second layer). The lives t), tz, and tp do not depend 
upon pressure. There is, however, some reason to believe (see Langmuir, 
Jj. Franklin Inst. 1934, 217, 556, eqn. 24) that 1/z, should increase slowly 
with pressure (linearly with log p). Thus surface mobility of adatoms in 
the first layer, if appreciable, should tend to make 7 increase slightly with 
pressure. 


so 
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Similar calculations for the case y = 1 (hyperbolic adsorption isotherm) 
show that the relaxation time t for the rate of return of 6 to equilibrium after 
a small disturbance is 


t = 19(1—6)(1—0 +-1p/27,) (67) 


If r, t, can be neglected, this result that the rate of approach to equilibrium 
varies in proportion to the square of the pressure; otherwise it varies with 
the first power of p. Equation (67) applies also to disturbances from a state 
of pseudoequilibration if we replace 6 by 1—6, in accord with equation (47). 
A comparison of (67) and (65) shows a striking difference between the cases 
y =1 and y = 2 in regard to the way the rate of approach to the final state 
depends upon 9. In the first case (y = 1) the rate increases with pressure 
and rises rapidly as 6 approaches 1, but in the second case (y = 2) the rate 
is much slower, is nearly independent of pressure, and decreases rapidly as 0 
approaches 1. 

The peculiar features that characterise adsorption in the case y = 2 bear 
a close resemblance to those of many types of activated adsorption that have 
been reported recently. 

At sufficiently low temperatures the so-called permanent gases, hydrogen, 
nitrogen, argon, etc., are adsorbed on surfaces by van der Waals forces. This 
kind of adsorption, which we shall call Type I, is characterised by rapidity 
and the relative ease with which saturation is attained. When the temperature 
is raised this adsorbed gas evaporates, but in some cases at a much high 
temperature it is slowly readsorbed. With this kind of activated adsorption 
it is almost impossible to definite saturation. This distinction between van 
der Waals and activated adsorption was pointed out for the cases of carbon 
monoxide on platinum (Langmuir, ¥. Amer. Chem. Soc. 1918, 40, 1361, see 
especially p. 1399) and later for hydrogen, oxygen, and carbon monoxide 
on platinum (idem, Trans. Faraday Soc. 1921, 17, 607, 621). Taylor and others 
(J. Amer.Chem. Soc. 1931, 53, 578) have studied in detail many cases of 
activated adsorption. 

From measurements of the adsorption of hydrogen by copper powder at 
temperatures from 25° to 200°C, Ward (Proc. Roy. Soc. 1931, A, 133, 506) 
concludes that this adsorption, which according to Taylor is of the activated 
type, takes place in two distinct steps, which we shall describe as being of types 
II and III. The introduction of gas gave an almost instantaneous adsorption 
(type II) of part of the gas, followed by a very slow adsoprtion (type III) 
which increased in proportion to the square root of the time, and thus did not 
give any definite saturation. The rate of type III adsorption was only very 
slightly dependent on the gas pressure. When during this slow adsorption 
the pressure was decreased in the ratio 2:1, there was a nearly instantaneous 
decrease in the amount of gas adsorbed, but the slow adsorption continued 
unchanged. Ward contends that the type III adsorption is caused by solution 
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of the gas in the bulk metal, or in fissures (?), but Taylor (Trans. Faraday 
Soc. 1932, 28, 131) gives reasons for believing that it represents merely a 
continuation of the type II process. 

Blodgett and Langmuir (Physical Rev. 1932, 40, 78) found two distinct 
types of true’ activated adsorption of hydrogen on tungsten filaments and 
proved that neither type involves solution in the metal. 

Benton and White (7. Amer. Chem. Soc. 1930, 52, 2325; 1932, 54, 1373, 
1820) and Benton (Trans. Faraday Soc. 1932, 28, 202) recognise these three 
types in interpreting experiments on the adsorption of hydrogen and carbon 
monoxide by powders of copper, iron, or nickel. They find that the amount 
of gas taken up by the type III adsorption never exceeds that of type II, and 
they note that ‘‘in no case examined does solubility (type III adsorption) 
make its appearance until temperatures are reached at which there is a pro- 
nounced activated adsorption” (type II). A typical example is cited in which 
a given amount of iron powder instantly and reversibly adsorbed 3.0 cc. of 
hydrogen at —195°C and 40 mm pressure (type I), At —78°C only 0.05 cc. 
was adsorbed at this pressure. At 0°C, 0.3 cc. was taken up immediately, but 
a slow adsorption continued at a decreasing rate, giving a total adsorption 
of 3.28 cc. ‘in 35 days without signs of approach to a limiting value. At this 
time a quick change of temperature to 110°C gave an immediate release of 1.22 cc., 
but then during the next three days, 0.41 cc. of gas was slowly taken up. These 
phenomena led Benton and White to believe that two different adsorption 
processes are ‘‘conclusively shown”. They attribute type III to solution of 
gas in the metal, but are careful of state that it ‘‘may well be a second type 
of activated adsorption”. 

Taylor and Ogden (Trans. Faraday Soc. 1934, 30, 1178), in studies of the 
rate of adsorption of hydrogen and carbon monoxide by zinc oxide, find an 
instantaneous, followed by a slow adsorption varying approximately with the 
square root of the time and not appreciably dependent on pressure. They 
,do not attribute this type III adsorption to solution. 

The fact that the observed adsorption of type III is usually of the same 
order of magnitude as, although always less than, the type II adsorption, 
is strong evidence that solution in the metal is not involved; for otherwise we 
should expect, by suitable choice of the substrate metal or method of preparation 
of the powder, to obtain wide variations in the ratio of type III to type II. 

The striking difference in the rates of adsorption characterising types II 
and III has sometimes been attributed to a non-homogeneous surface, some 
parts of which bind adsorbed molecules much more firmly than others. Such 
effects should be associated with decreases in the heat of: adsorption, Q, as 9, 
the amount of adsorbed gas, increases. Changes of this kind in Q have some- 
times been found, but in other cases which give characteristic adsorption 
of types II and III, no dependence of Q on @ has been observed (Ward, loc. 
cit.; Maxted and Hassid, J., 1931, 3313). 


Google 


470 Monolayers on Solids 


If we compare the observed characteristics of type III adsorption with 
those deduced theoretically for adsorption on crowded lattices (i.e., when 
y > 1), we find such striking similarity that we are led to suspect that in many 
cases adsorptions of type III and type II differ essentially only because of 
a crowding of adatoms which requires complicated rearrangements before 
a close-packed state can be reached. In particular, attention may be called to 
the relatively high rate of adsorption up to a rather definite point where 9 = 1— 
6,, by equation (47), followed by a rapidly established pseudoequilibrium 
with a slow upward drift in 6 due to the gradual decrease in 0,, equation 
(62), accompanying the redistribution of surface phases. By the postulates 
of our theory, the heat of adsorption is the same at high and at low values 
of 6. The marked decrease in the rate of adsorption at high 6 is associated 
with the low entropy that results from the overcrowding of the lattice. 

Several investigators have obtained approximately linear relationships 
between q, the amount adsorbed, and )/2; but often the curves, with q as ordi- 
nate, show gradually decreasing slopes. Since, of course, there must be a limit 
to the amount of gas that can be adsorbed, the square-root law cannot apply 
for indefinitely large values of ¢. Let us examine some of these experimental 
data to see if the rates vary in proportion to the cube or some higher power 
of (1—9), in accord with equation (65). 

Maxted and Moon (Trans. Faraday Soc. 1936, 32, 1375) found that 1 g 
of platinum-black at 20°C adsorbs 0.40 cc. of ethylene within the first 5 minutes, 
and that this amount increases to only 0.70 cc. after 1316 mins. Their results 
are accurately expressed by the equation g = 0.385+0.0086 }/t—2. It is 
also possible, however, to represent their data within the same time interval by 


1/(1.00—)? = 2.95 +-0.0054t (68) 


with a mean error of 0.010 cc., which is probably within the experimental 
error, since only two significant figures are used in recording the data. This 
equation, which is based upon equation (65), shows that the limiting value of 
q is 1.00 cc.; to reach 0.90 cc. would require 12.5 days, and for 0.99 cc. 3.3 
years are needed. 

Taylor and Strother (¥. Amer. Soc. 1934, 56, 586), in studying the kinetics 
of the adsorption of hydrogen by zinc oxide at six temperatures between 0°, 
and 302°C, observed three types of adsorption, I, II, and III, If the data for 
q are plotted against )/t, lines are obtained which are fairly straight in the 
range t = 5—25 min, but above that the slopes gradually decrease. However, 
when the cube roots of the rates of adsorption, i.e., (dq/dt)"8, are plotted against 
q, straight lines are obtained whose intercepts on the g-axis give the limiting 
value of q for t = 00. Thus all these data are well expressed by equations of 
the type of (65). For example, the data at 0°C give g = 2.58 cc. after 5 min 
and g = 4.23 cc. at 400 min, and the whole curve is represented by 


1/(5.00—q)® = 0.15 +0.0047t 
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within an average error of 0.027 cc. Thus, in these experiments during the slow 
type III adsorption, 6 increased from 0.52 to 0.84. 

With activated adsorption on powdered or porous substrates one would 
perhaps hardly expect to find conditions that conform with those that we 
have postulated in our theory of adsorption on crowded plane lattices. However, 
the hyperbolic isotherm, originally derived for plane surfaces, has often been 
found to apply well to powdered substrates. When therefore we find empirically 
examples of type III adsorption which are in accord with equation (65), we 
may at least suspect that they represent cases of adsorption on overcrowded 
lattices. The postulates underlying the theory are in no way incompatible 
with activated adsorption. In fact, it is just in the case of activated adsorption, 
as contrasted with van der Waals adsorption, that we should find strong forces 
that bind atoms or molecules in definite sites in the surface. 
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THE EFFECT OF MONOMOLECULAR FILMS ON THE 
EVAPORATION OF ETHER SOLUTIONS 
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Journal of Physical Chemistry 
Vol. XXXI, 1719, November (1927). 


Tuis subject first suggested itself to one of the authors several years ago when 
he was studying the effect of monomolecular films on the surface tension 
of water. Water, saturated with ethyl ether (5.5 per cent solution) placed in 
a photographic tray, burns actively when ignited. A globule of oleic acid, 
however, placed in a corner of the tray, gradually spreads on the surface of 
the liquid, extinguishing the flame. On further investigation of these phe- 
nomena it was found by rough measurements that the rate of evaporation of 
a saturated ether solution is about nine times as great from an uncovered 
surface as from one covered by a monomolecular film of oleic acid. The rate 
of evaporation of pure water was, however, not appreciably changed by the 
presence of such a film. 

One’s immediate tendency is to assume that the tightly packed molecules 
in the oil film form a nearly impermeable membrane which prevents the large 
ether molecules from escaping, but permits the smaller water molecules to 
pass. Upon second consideration another hypothesis seems more probable, 
however. 

Careful examination of the surface of an ether-water solution which is 
partly covered by a film of oleic acid shows that the uncovered parts are in 
a state of constant motion. This surface twitching can be seen most readily 
by having the solution in a black tray and observing light reflected from its 
surface. Traces of talc placed on the surface also show the motions. The 
twitching increases greatly if one blows upon the solution, and stops if evapora- 
tion is prevented by covering the dish with a plate of glass. The presence of 
a monomolecular oil film completely stops the twitching. Only the uncovered 
parts of the surface, i.e., those that show the twitching, can be ignited. 

These motions of the surface are clearly caused by differences in the surface 
tension of various parts of the liquid. Variable air currents over the surface 
of the solution lead to differences in the surface concentration of ether, and 
produce these variations in the surface tension. The resulting horizontal 
motions cause vertical currents which bring the concentrated parts of the 
solution from the bottom of the tray and spread them uniformly over the 
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surface of the solution. The evaporation of ether from the solution is thus 
aided enormously. 

Imagining there were no convection currents in the solution, the rate of 
evaporation would be very different, however. The ether near the surface 
would first become exhausted, leaving a layer of water, through which the 
ether from the lower part of the liquid must diffuse. The evaporation would 
thus be limited by the rate of diffusion of ether through water—a relatively 
slow process. 

A layer of closely packed molecules on the surface of an ether solution, 
such as an oil film, would jam together the instant a surface motion began, 
thus effectively stopping convection currents near the surface, and thus de- 
creasing the rate at which ether could reach the surface. 

The experiments described in the present paper were undertaken in order 
to determine whether the decrease in the rate of evaporation caused by the 
oil film is, in fact, due to this stopping of convection currents, or is due to an 
impermeability of the film. A knowledge of the conditions which cause im- 
permeability in a monomolecular film would seem to be of value in under- 
standing many biological problems that involve passage of substances through 
cell walls. 

Hedestrand' has attempted to determine the influence of monomolecular 
films on the rate of evaporation of water in air at atmospheric pressure and 
20°C. The dish containing the water was placed in a tube through which 
a slow current of air was passed. The rates of evaporation (K) ranged from 
3.0 x10-* to 5.1x10-* gram cm-*sec-4. The presence of monomolecular 
films of palmitic or oleic acid did not cause a change in the rate of evaporation 
greater than one per cent and was therefore not measurable. 

Rideal? calls attention to the fact that the rate of kinetic interchange be- 
tween the water surface and the saturated vapor in contact with it, in Hede- 
strand’s experiments, was 0.22 gram cm-* sec}, or 43,000 times greater than 
the observed rate of evaporation. 

Thus, even if the true rate of evaporation had been decreased in the ratio 
400:1 by the oil film its effect would not have been observed. Rideal measures 
the rate at which water distills over in vacuum from one leg of an inverted 
U-tube at 25° or 35°C into the other leg at 0°C. Rates of evaporation as high 
as 0.001 gram cm-* sec-? are thus obtained, and films of fatty acid decreased 
this rate very materially. Rideal’s data on the rates of evaporation, converted 
to gram cm-* sec“ units, are given in the columns under K in Table I. 

We shall find it advantageous to deal with the reciprocals of the rates of 
evaporation and we shall denote these by R. This quantity measures the 
resistance to evaporation. In Rideal’s experiments there were three resistances 


1 J. Phys. Chem. 28, 1245 (1924). 
2 J. Phys. Chem. 29, 1585 (1925). 
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Taste I 
The Effect of Fatty Acid Films on the Evaporation of Water, based on 
Rideal’s Data 
K R 1 | Ratio 
> 8 pent cm? sec | Rp of 
Acid clo ailaa gram-* | increase 
| 25°C | 35°C 25°C | 35°C | 25°C | 35°C | 25°C | 35°C 
None 1040 x 10- | 1470 x 10-* | 770.| 605.| 296 1.701 14 1 
(pure H,O) | | 
Stearic 750 “ 1160“ 1070. | 768. |303. | 165. 102. 97 
Lauric 600 “ 995 1340. | 895. |573. | 292. 193. | 172 
Oleic 495 «“ 731 “ | 1620 1220 | 853 617. 288. | 362. 








in series which were effective in determining the observed rates. There was 
first a resistance due to the fact that the cold end of the U-tube was at 0°C 
instead of at the absolute zero. Secondly, there was a frictional resistance 
opposing the motion of the water vapor through the tube. Thirdly, there 
was a surface or film resistance which in the case of a contaminated water 
surface measured the resistance to the passage of the water through the film, 
but in the case of a pure water surface was determined by the kinetic inter- 
change between the water surface and its saturated vapor in accordance with 
the equation. 
K = py M/@aR'T) 

= 43.7 x10-* p/M/T gram cm-? sec (1) 
where R’ is the gas constant, M is the molecular weight (18) and p is the vapor 
pressures in baryes. 

The value of R in Table I includes the second and third of these resistances 
only, since corrections of 19.6, and 11 per cent respectively have been applied 
(as was also done by Rideal) to allow for the back pressure of the water vapor 
in the arm at 0°C. 

The resistance R, for pure water, calculated from Eq. (1) is given in the 
first row in Table I under R,. The difference between this and the value of R, 
viz. 767, and 603 respectively, represents the frictional resistance. Subtracting 
this constant resistance from the other values in the R column gives the values 
of R, for the acid films. The ratios in which the true evaporation resistances 
have been increased by these films are given in the last two columns. Since 
these ratios are less than 400:1 we understand why Hedestrand’s experiments 
did not show any increase in resistance. 


Experiments on the Evaporation of Ether Solutions 


A large quantity of a saturated solution of ether in water was prepared by 
shaking water with a slight excess of ether. Portions of about 60 grams of 
this solution were withdrawn by a pipette and placed in shallow glass trays 
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(culture dishes) 9.2 cm in diameter and 1.2 cm deep. These trays were weighed 
at intervals of about 5 minutes to determine the rate of evaporation. An electric 
fan was used at times to produce a wind of various velocities which were 
measured by an anemometer placed near the dish. 

As the ether evaporates from the solution, the rate of evaporation steadily 
decreases until finally when the ether is nearly gone the rate approaches that 
of pure water. 

The observed rate of loss of weight is the sum of the rates of evaporation 
of the ether and of the water. We find that the latter remains constant while 
the ether concentration gradually decreases. In order to be able to compare 
the effects produced by various films on the evaporation of the ether from the 
solution.the following method was adopted to reduce each observed rate to 
that corresponding to a saturated ether solution. This reduced rate expressed 
in gram cm-* sec! we shall denote by Ks. 

The original water content of the ether solution in the dish was known 
from the composition of the solution. After evaporation had proceeded to 
a point where 70 or 80 per cent of the ether content had evaporated, about 8 
grams of the solution were withdrawn into a Sprengel pycnometer and from 
the density the water content was determined.! The evaporation was allowed 
to continue even after practically all the ether had disappeared and the rate 
of evaporation of the water was thus determined directly. This was found in 
all cases to agree well with that determined from the pycnometer readings so 
that we are justified in concluding that the water content decreases linearly 
with time. This enables us to calculate from the observed weights of the solution 
the ether content q at the end of each time interval. 

It was found by plotting gq on semi-logarithmic paper against time that 
the points lay along straight lines, proving that the rate of evaporation of the 
ether is approximately proportional to the ether content. If S represents the 
logarithmic slope defined by S = In g/dt, then K, the rate of evaporation per 
unit area at any time is 

K = Sxz 
where x is the fraction by weight of ether in the solution and z is the weight 
of solution per unit area of evaporating surface; i.e. z is proportional to the 
depth of the solution. For the saturated solution x, = 0.055 grams of ether 
per gram of solution and we have 
Ks; = 0.055 Sz (2) 


When a small globule of oleic acid is placed upon water or even on a sa- 
turated aqueous solution of ether the acid spreads over the surface to form 
a monomolecular film, while the surplus of acid remains in the globule. 

A benzol solution of stearic acid, cetyl alcohol or other such solid substance 
will spread similarly on pure water, and the surplus of the substance remains 


1 The specific gravity of a saturated ether solution at 22°C is 0.9868. 
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as a minute solid island floating on the surface. But these benzol solutions do 
not spread on water saturated with ether. To produce monomolecular films 
of these substances on the ether solutions a small amount of water was first 
put in the glass tray and the film was placed upon it. The ether solution was 
then introduced under the film by means of a pipette. The small area of the 
film which was broken by the insertion of the pipette was repaired by cover- 
ing it with a film of oleic acid formed from a minute globule. This oleic acid 
film would spread only over those parts of the surface which were not already 
covered by a film of the first substance added. 

The films of oleic acid and cetyl alcohol were liquid but the films of the 
other substances as used on the ether solutions were solid. 

The rates of evaporation K, of ether from the saturated solutions are given 
in Table II. The three columns correspond to three wind velocities; v ex- 
presses the velocity in cm per sec. It is seen that when no film is present the 
wind increases the rate of evaporation by a factor of nearly 3, but when the 
solution is covered by a film the increase averages only about 10 per cent. 


Taste II 


The Effect of Monomolecular Films on the Evaporation of Ether from its Saturated 
Aqueous Solution 























King | , KSx10° Rsx10-* ; 
of . | Temp: | Ks in gram cm~* sec™* | Rg in cm* sec gram=? Rr+Rw 
Fil : ee ee annem —- Pan 
es j v=0 | v= 61 v= 152 v=0 | y= 61 |y= 152) Average 
| i | | 1 

No Film | 224 | 198. | 468. | 536. so! 21] 19 0 
Oleic Acid PES PR Be || 313] Be. | 32 | 32, | 30,000 
Cetyl Palmitate 22.5 | 31. | 30. 33. | 32. | 33. | 30. | 29,000 
Stearic Acid | 22. | 34. | 30. 37.) 29. 33. | 27. '| 27,000 
Cetyl Alcohol , 245 | 24 | 25. , 31. | 42 | 40. | 32 | 35,000 
| 901 = -ia@|[- 1 = | 29,000 


Myricyl Alcohol ' 22. 





The effect of the film is to decrease the rate of evaporation in the ratio 7:1 
without wind and 17:1 with a wind of 152. cm sec. All the films tried had 
roughly the same effect in reducing the evaporation. 

The total resistance to evaporation R, as given in Table II is equal to 
1/K,. This resistance is clearly made up of three parts. 


R,R, = Ry+Re+Ry = 1/Ks (3) 
Here R, represents the resistance to diffusion through a layer of relatively 
quiet air over the solution having a thickness h, which decreases as the wind 
increases. This is entirely analogous to the layer of air which determines the 
heat loss by convection from hot bodies. 


1 Langmuir: Phys. Rev. 34, 401 (1912); Trans. Am. Electrochem. Soc. 23, 299 (1913). 
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The term R, is the resistance to the passage of the ether through the mono- 
molecular surface film whose thickness is hy. This resistance may perhaps 
profitably be looked upon as consisting of two resistances in series; one cor- 
responding to the region occupied by the heads or active ends of the molecules 
and the other corresponding to the region of the hydrocarbon tails of the 
adsorbed molecules. 

Finally the term Ry is the resistance to diffusion through a layer of quiet 
water of thickness hy which underlies the surface film. 

The following analysis justifies this procedure of dealing with resistances 
in series and also enables us to express these resistances in terms of the dif- 
fusion coefficient D, the thickness h, and the concentration C in the various 


layers. 
M Sc, 
h A 


pee 

h  F ac, 

; C, 

foo one. 
Fic. 1. 


In Fig. 1 the three layers or phases to be considered are represented as 
before by A, F and W. 

Let a-substance (ether) pass at the rate K (grams cm~* sec“) through all 
three layers in series. The concentrations (in grams cm-’) at the upper and 
lower boundaries of each phase are denoted by the symbols C,, C,, etc., as 
shown in the figure. If we now stop the diffusion by replacing the boundary 
M by an impermeable membrane, equilibrium will be reached between the 
phases and the concentrations in the phases become respectively C,, C, and 
Cy. We may now write the equations 


C\—Cy = h,K/D, C,/C, = C,/C; 

Cy—C, = h,K/D, C3/Cy = Cp/Cy 

C;—C, = hy K/Dy 
The last two equations assume that a constant partition coefficient exists 
for each of the boundaries between a pair of phases even when concentration 


gradients occur within the phases. Because of the high rate of kinetic inter- 
change between the phases this assumption seems justifiable. 


Google 


478 The Effect of Monomolecular Films on the Evaporation of Ether Solutions 


By eliminating the variables C,, C,, C; and C, by means of four of the 
equations we obtain a single — 


1(/c, CG h, hy 
Klose) = cast ob; toby e 
In applying this equation to our experimental data on evaporation of ether 
from saturated solutions, we may put K = K,;, C) = 0, Cs=Cyw=Cs 
corresponding to the concentration of the saturated solution. Then the factor 
in parenthesis in Eq. (14) becomes equal to unity and the equation takes the 
form of Eq. (2). We see that the resistances R,, » and Ry, are expressible by 
the equations 





Ry = hy/(C,Dy) 
Ry = h;/(CpDy) , (5) 
Ry = hy/(Cy Dy) 

Let us now examine the values of R, given in Table II. When there is no 
contaminating film the resistance R, vanishes and because of the strong con- 
vection currents R, must be small. The fact that the effect of the wind is to 
decrease R, from 5000 to 2000 proves that nearly the whole of this resistance 
is in the air layer and we may thus identify these values with R,. Now R,, 
although dependent on the wind velocity, will not be materially changed by the 
presence of an oil film. Subtracting from each of the values of R, in Table II the 
value that was obtained for the same wind velocity without the oil film, we 
obtain the values of Rp+Ry. 

For example with oleic acid R, is 36,000 with no wind while without the 
oleic acid R, = R, and is 5000. Thus R,+Ry for this case is 31,000. With 
a wind of 61 cm sec“ this resistance R,+Ry is 29,900 and with a wind of 152 
cm sec“ it is 30,100. The average value 30,300 (rounded off to the nearest 
thousand) is given in the last column of Table II. 

Although the values of R, decrease with increase of wind velocity, the 
values of R,+R, obtained by subtracting R, from them, no longer show any 
distinct dependence on the wind. 

Within the probable experimental error, the values of Rp+Ry are the 
same for all the monomolecular films studied with the possible exception of 
cetyl alcohol. This fact makes it extremely probable that nearly the whole of 
this resistance is Ry. This resistance should be independent of the nature 
of the film provided that this is able to prevent surface currents which induce 
convection in the underlying liquid. Thus we may estimate the value of Ry 
for a film-covered surface to be about 30,000. Possibly in the case of cetyl 
alcohol films R, is about 6000. 

To obtain confirmation of the conclusion that Ry is negligible for films of 
oleic and stearic acids on ether solutions, experiments were conducted with 
substances that would produce much thinner surface films. It was found that 
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even large quantities of a saturated water solution of caprylic acid added to 
an ether solution had no appreciable effect on the rate of evaporation, in other 
words did not interfere with the surface currents. 

Butyric acid was then tried with interesting results. Concentrations of this 
acid from 0.02 up to 0.37 per cent did.not have any appreciable effect on the 
rate of evaporation of ether, but with a concentration of 0.56 per cent the rate 
fell to 29 x10-* (with no wind) which is about the same as with oleic acid. This 
supports our belief that the stopping of the surface currents rather than the 
impermeability of the film is responsible for the decrease in the evaporation 
rate. 

We will discuss later the probable cause for the existence of a critical con- 
centration of butyric acid which stops surface currents. 

Further striking confirmation of the importance of currents under the film, 
as affecting Ry was obtainéd by the following experiment. A saturated solu- 
tion of ether was covered by an oleic acid film. A match will not ignite this 
solution, but if a bent glass rod is used to stir the liquid under the film, even 
without breaking the surface film, the ether will burn readily. If the stirring 
is stopped the flames gradually go out. Before complete extinction, when 
only a tiny flame remains, a little stirring immediately sets the whole surface 
ablaze again. 


Effect of Films on the Evaporation of Water 


In our experiments, the rate of loss of weight was measured even after the 
ether had largely evaporated, in order to correct the data for the evaporation 
of the water. In many cases blank runs were also made to determine the rate 
of loss of weight of pure water covered by films. 

It was found that oleic acid, myricyl alcohol, stearic acid and cetyl palmi- 
tate did not appreciably alter the rate of evaporation. This, however, means 
that the resistance R, due to these films did not exceed two or three thousand 
and does not conflict with our conclusion drawn from Rideal’s data that these 
films offer resistances of several hundred units (See Table I). 

Films of cetyl alcohol, on the other hand, were found to have a large effect 
on the rate of evaporation of water, as shown by the data in Table III. The 











Taare III 
Effect of Cetyl Alcohol Films on the Evaporation of Water 
| No wing | Wind of 178. cm sec~! 
| K R | K | R 
No film 2.3 x 10° , 430,000 14.7 x 10-* | 68,000 
With film 1.9x 10* | 520,000 7.8x 10 | 128,000 
| 60,000 


Difference - | 90,000 - 
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change in resistance produced by the film must be due to the film resistance 
R,. The weighted mean of the values of R, thus found is 65,000 cm* sec gram7. 
Comparing this result with the data in Table I we conclude that the true rate 
of evaporation (1/R,) of water is cut down in the ratio 20,000:1 by the presence 
of a cetyl alcohol film whereas with oleic acid the ratio is about 300:1. 

Repeated experiments have always shown that cetyl alcohol has this marked 
effect on the evaporation of water. Although cetyl alcohol itself is a solid which 
melts at about 50°C, the films of this substance on water are liquid even at 
4°C. Films of palmitic and stearic acids on pure water are solid but are liquid 
if a trace of acid is added to the water. The area per molecule is considerably 
increased by the acid. It was thought that this change might make the film 
offer a greater resistance to the passage of water. 

Careful measurements made with four glass trays in a moderate wind from 
a fan, interchanging the positions of the trays every five minutes, showed 
that within the experimental error of about two per cent the rate of evapora- 
tion (K = 14.1 10-*) of water containing 0.1 per cent of hydrochloric acid 
and covered with a palmitic acid film was the same as that of pure water. The 
same was true of water which contained 0.1 per cent of tannic acid and was 
covered by an oleic acid film, although in this case the tannic acid gradually forms 
a solid film on the surface, so thick that it shows brown and even deep blue 
interference colors by reflected light. Such visible films must be many hun- 
dreds of times thicker than monomolecular films of fatty acids. 


Factors which Determine the Resistances 


We have seen from Eq. (5) that the resistances which we have measured 
are related to the diffusion coefficients D, the equilibrium concentrations C, 
and the thickness h of the layer or film which causes the resistance. 

The diffusion coefficient of ether vapor through air at 20° is 0.089 cm? 
sec-! according to Winkelmann; at 22° this would be about 0.090. The vapor 
pressure of a saturated solution is approximately that of pure ether, viz., 
480 mm at 22°C, corresponding to a concentration C, = 0.00193 grams cm~. 

The data for R, given in Table IV for various wind velocities v are taken 
from Table II. The third column contains the values of h, calculated by 


Tasie IV 
Resistance to Evaporation R, due to Air Layer over the Solution 
temp. = 22°C; Ca= 0.00193 g cm-*; D4 = 0.090 cm® sec 








ha hC 

cm sec? | cm® sec ae ; cm cm 
0 | 5000 | 0.86 0.45 

61 | 2100 0.36 0.27 


152 1900 0.33 H 0.19 
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means of Eq. (5). The last column gives the thickness h, of the air film that 
is effective in determining the heat loss by convection from the upper face 
of a horizontal plane surface of a heated body. 

The agreement as to order of magnitude is sufficiently close to prove that 
the resistance to evaporation from a pure water surface may be looked upon 
as a resistance to diffusion through a layer of relatively quiet air. The fact 
that A, is greater than h, is explained by the fact that ether vapor is heavier 
than air, and thus tends to cling to the surface, while in heat convection the 
hot air rises. 

Thovert?, as a result of extensive studies of diffusion of organic substances 
in solutions, concludes that the diffusion coefficient is always at least ap- 
proximately given by the equation 


D = 8 x 10-7/(uy/M) cm? sec (6) 
where M is the molecular weight of the diffusing substance and yz is the 


coefficient of viscosity (in c.g.s. units) of the solvent through which the diffu- 
sion occurs. For the diffusion of ether through water at 22°C we thus obtain 


Dy = 9.7 x 10-* cm? sec-? 


Rough experiments have checked the order of magnitude of this result. 

We have found that Ry for evaporation from film-covered surfaces is 30,000 
-(see Table II); Cy for a saturated ether solution is 0.054 g per cm*. Thus 
Eq. 5 gives hy = 0.016 cm. 

C. W. Rice,’ by dimensional reasoning, has derived equations for calcu- 
lating the film thickness in liquids and has proved that these equations agree 
with the available data on heat transfer by convection in liquids. For the con- 
vection currents induced by evaporation of ether from film-covered surfaces 
the film thickness will be different, but for this case we may in an analogous 
manner, derive the following equation for the film thickness 


a~ "Late |) m 


where & is a numerical constant of the order of magnitude of unity which 
depends only on the type of geometrical form of the surface from which con- 
vection occurs (plane, cylinder, sphere, etc.); d is a length which determines 
the linear dimensions, 4 is the viscosity, @ the density, g the acceleration of 
gravity, 8 the fractional difference in density of the solution at opposite faces 
of the film, D is the diffusion coefficient (of the ether in the water), while 
n and m are numerical exponents to be determined by experiment. 

In the present case we may take d to be the depth of the liquid in the tray. 
Since the film thickness must be nearly independent of d, we should place 





1 Langmuir: Trans. Am. Electrochem. Soc. 23, 323 (1913). 
2 Ann. Phys. 2, 369 (1914). 
> J. Am. Inst. Elect. Eng. 62, 1288 (1923). 
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n = 4. Rice finds m = } for heat convection, and, because of the general 
similarity in the mechanism of the two kinds of convection we may adopt the 
same value, Thus, taking d= 1, n= 0.01, o=1, g= 1000, 6 = 0.013, 
D = 10*,n = j and m = }, we find h = 0.0036 k. This dimensional reasoning 
gives the correct value hy = 0.016 if we take k = 4.4. From his heat convection 
data Rice obtained values of k between 2. and 8.7. Thus if we put k = 4.4 
in Eq. (7), we should be able to calculate the film thickness and therefore, 
by (5), the resistance to evaporation in all types of solutions in which the 
evaporation causes increase in density at the surface. 

In this connection it would be of great interest to study the evaporation 
of aqueous solutions of volatile substances whose density is greater than that 
of water. In this case the film thickness should become very great and the 
rate of evaporation should be retarded much more than in the case of other 
solutions. 


Evaporation Resistance in Monomolecular Films 


According to Table I, an oleic acid film, which has a thickness of about 
10-7 cm, opposes a resistance of about 800 units to the evaporation of water. 
We see from Eq. (5) that this means that the product C,D, must have the 
value 1.2 x10-**. There is no reason for believing that the diffusion coef- 
ficient of water molecules among the hydrocarbon tails of the film molecules 
should be abnormally low. If we calculate Dy by Eq. (6), taking ~ = 0.003 
(as for pentane), we find D, = 6 x10-5, and thus C,, the concentration of 
water in the film, would have to be 2 x10-* grams per cm*. The viscosity of 
oleic acid is greater than 0.003, but this is due to the fact that a body moving 
through the liquid moves transversely to the length of many of the molecules. 
Water molecules should be able to diffuse through a film of oriented long 
molecules, in a direction parallel to the length of these, with no greater diffi- 
culty than through a film of the same thickness consisting of unoriented shorter 
molecules. 

In the case of cetyl alcohol films where we found R, = 65,000, a similar 
calculation gives C,D, = 1.5 x10-% and C, = 2.5 x10-* grams per cm*. 
It seems improbable, however, that the solubility of water in these films can 
really be as small as these figures would require. 

The question arises whether the spreading force acting between the 
molecules can prevent the water molecules from entering the film. If a water 
molecule enters a liquid film, it must cause the film to expand, by pushing 
apart its molecules, by an area a). Thus it must do the work Fa, where F 
is the spreading force (in dynes per cm). The effect of variation in F on the 
concentration of water in the film will be given by the Boltzmann equation, 
which takes the form 


CS Cy e7 FlKT (8) 


Google 


The Effect of Monomolecular Films on the Evaporation of Ether Solutions 483 


where C, is the concentration when F = 0 and K is the Boltzmann constant 
1.37 x10-* ergs per degree. 

If we take a, = 8 X10-* cm? F = 30 dynes per cm, T = 300 we find 
C = 0.55 C,. Thus the effect of the change in surface tension would only be 
to decrease the solubility of water in the film to about one half. 

It would thus seem that the comparative impermeability of cetyl alcohol 
and perhaps other films must be due to some rather specific effect produced 
by heads, or active ends of the molecules, which we have not considered in 
the theory which led to Equation (5). Probably the electric forces resulting 
from the electric double layer which undoubtedly exists will be needed to 
explain the observed impermeability. Similar phenomena probably govern 
the permeability of cell walls. 

Our conclusion that only a moderate decrease in C and therefore in per- 
meability can result in accordance with Eq. (8) from the surface forces, would 
need modification if the film is solid. With special structure as in the walls of 
living cells, the permeability may perhaps be altered by changes in the surface 
forces much more than would be indicated by Eq. (8). 

Our experiments have given us no definite evidence that the monomole- 
cular films oppose any direct diffusion resistance to the passage of ether mole- 
cules. The great solubility of ether in hydrocarbons suggests that the per- 
meability of these films for ether should be much greater than for water. 
However, the decrease in solubility caused by the lowering of surface tension 
according to Eq. (8) will be greater in case of ether because the area occupied 
by the ether molecule may be several times as great as that of a water molecule. 

Some experiments in photographic trays have shown that the maximum 
area occupied by the film produced from a given small amount of oleic acid 
on a half-saturated ether solution is about 85 per cent as great as that occu- 
pied by a film containing the same anount of oleic acid on pure water. This 
indicates that there is no large dilution of the oleic acid film by adsorbed ether 
molecules. 

On the other hand, when no oil film is present the ether molecules in an 
ether solution are fairly tightly packed in the adsorbed film. Some rough sur- 
face tension measurements by the capillary rise method at 22°C have given 
Yovs in Table V (dynes per cm). 

The constants A and B of Szyszkowski’s equation! are found to be B = 0.33 
and A = 0.022, the unit for A being the concentration of ether in a saturated 
solution. Thus y,,, was calculated from 


Y¥—Vo = Byo logis (1—c/A) 
where 7) = 73. The area a of the surface film, per molecule of ether present 
in the film, is 
a = 12.8x 10-6 (C+-A)/(BC) cm’. 


1 See Langmuir: ¥. Am. Chem. Soc. 39, 1890 (1917). 
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The values of a from this equation are given in the last column of Table V. 
It is seen that the film of adsorbed ether molecules is nearly saturated (close 
packed) even when the solution is only 1/4 as strong as a saturated solution. 

The mechanism of the spreading of an oleic acid film on a saturated ether 
solution may now be better understood. The oleic acid exerts a spreading 
force on water of about 34. dynes per cm, but the spreading force of ether in 
a saturated solution is slightly greater, about 40 dynes per cm (73—33, see 
Table V). However, if any portion of the surface becomes contaminated so 
that the surface currents are decreased, the evaporation locally lowers the 
surface concentration and allows the oleic acid to spread. Thus the spreading 
on the strong solution is a rather slow process. 


TaBLe V 


Surface Tension of Aqueous Ether Solutions 








Cc | Yobs Yer A (cm') 
1 = saturated | 33 33 40.0 x 10-16 
solution f ' , 

1/2 39 40 40.7 

1/4 46 47 ' 42.5 

1/8 { 58 53 46.0 
0.022 | - 60 78 
O (water) 73 73 00 


Similar considerations help to explain the critical concentration of butyric 
acid that was found necessary to stop the surface currents. According to 
Szyszkowski’s data the surface tension of water containing 0.56 per cent 
of butyric acid is 62 dynes per cm corresponding to a spreading force of 11 
dynes per cm. That butyric acid molecules can accumulate in the surface of 
an ether solution at all under these conditions is probably only possible when 
evaporation lowers the surface concentration of the ether. We see that as the 
strength of the butyric acid increases there results a kind of instability that 
accounts for the critical concentration observed. 

One other phenomenon deserves to be mentioned in this connection. 
Upon the surface of a saturated ether solution in a photographic tray is placed 
an amount of oleic acid insufficient to cover the whole surface. The area 
actually covered can be seen by the absence of surface currents. Now, by a 
moving barrier the surface area is decreased until the surface is just completely 
covered by the film. Suppose the area is then 100 cm®. The area can now be 
increased to say 120 cm* without causing any part of the surface to become 
uncovered. For example, no part can be ignited. But if the surface is touched 
with a glass rod, or a little ether vapor is poured from a beaker on to a portion 
of the surface, an uncovered area of 20 cm? suddenly appears and remains 
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on the surface. Clearly the increased concentration of ether vapor over the 
surface produced in either of these ways causes an increase of ether in the 
surface film which pushes back the oleic acid. 

Summary. Instead of considering the rate of evaporation of a liquid in 
grams cm~ sec —! there is an advantage in using the reciprocal of this quantity 
which may be termed the evaporation resistance R in cm® sec gramsq}. 
Measurements made by Rideal on the rate of evaporation of water show that 
the resistance produced by a monomolecular film of oleic acid is 800 units, 
while in the absence of the film it is about 3 units at 25°C. The writers find 
that a monomolecular film of cetyl alcohol opposes a resistance of 65,000 to 
the evaporation of water, so that the effect on the evaporation is readily observed 
in experiments at atmospheric pressure. 

The rate of evaporation of ether from its saturated aqueous solutions is 
cut down to less than one-tenth of this former value by any non-volatile in- 
soluble substance such as oleic acid that can form a monomolecular film upon 
this solution. It is shown, however, that this is not due to a resistance in the 
film but results from the effect of the film in stopping surface currents that 
otherwise stir the underlying liquid because of surface tension variations. 
The resistance due to an air film over the surface, ranges from 5000 for no 
wind down to about 1900 with a wind velocity of 1.5 meters per second. With 
no oil film this is the only resistance that is present. But with an oil film there 
is in addition a resistance of about 30,000 due to an underlying film of water 
about 0.02 cm thick through which diffusion must occur. 

It is calculated that R = h/(CD) where h is the thickness of any film or 
layer through which diffusion occurs, D is the diffusion coefficient and C is 
the concentration of the diffusing substance when equilibrium is brought about 
by stopping the diffusion. This gives for the concentration of water in the 
cetyl alcohol film C = 10-* grams per cm*. Some specific factor not taken 
into account in the theory is probably largely responsible for the high film 
resistance in this case. 

A method is proposed for calculating the resistance due to the underlying 
liquid layer for any kind of a solution. 

Calculation seems to show that the variation of permeability of liquid 
films with surface tension should be measurable but not very large, but cer- 
tain solid films, such as those of walls of living cells may show such effects to a 
much greater degree. 
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MOLECULAR FILMS IN CHEMISTRY AND BIOLOGY’ 


A coop account of the history of science has been given by Dr. Taylor, and 
through it all stands clearly the importance of the interactions between the 
sciences. Physics has a direct bearing on chemistry and both physics and chemistry 
determine the growth and progress of biology. So it is, of course, with engineer- 
ing, astronomy, and all the other sciences that you can name. They are all 
interrelated. 

The investigations I want to talk about will give an illustration of that. 
I started out as a chemist interested in mathematics and physics. However, 
most of the things I have done are essentially in physics, but for some reason 
or other they are more interesting to chemists and they ought to be most 
interesting to biologists. I am not a biologist. I cannot possibly apply these 
things, because I find that I am beyond the depth of my knowledge. 

I think it is up to the biologist to use the tools that the physicist and the 
chemist use. I think we have these tools. I am going to talk about the 
phenomena that take place on surfaces, and I am going to select those things 
that I think are going to be used in the future by the biologist, largely 
because they are the tools for finding out certain things that he wants 
to know. 

Rutgers started 175 years ago. That is a long time; surface chemistry is 
not much younger than that. The earliest important work was that done by 
Laplace about 1800. However, I just want to quote from Thomas Young 
in 1805, because this statement of this, it seems to me, was a great prophecy 
based on knowledge. 

He had no ideas about the size of atoms in 1805, but in talking about the 
extent or the range of the forces that were responsible for surface tension phe- 
nomena he said: ‘*The extent of the cohesive force, that is, range of action, 
must be limited to about the 250-millionth part of an inch”—that is about 
what we measure now in millimicrons—‘‘nor is it probable that any error 
in the suppositions adopted can possibly have so far invalidated this result 
as to be many times greater or less.” 

I could not give you a better estimate nowadays of what I think is the most 
important range of forces as between atoms and molecules. In other words, 


* Reprinted from the book Molecular Films, The Cyclotron and the New Biology, by Taylor, 
Lawrence and Langmuir, Rutgers University Press, 1942. 
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he struck it just about right, although he was uncertain about it by a factor 
of four or five one way or another; yet, his estimate was simple and correct. 
It was based simply on the strength of materials as compared to their surface 
energies. He knew that, to pull a thing apart and create a new surface, you 
had to do a cerain amount of work, and the work was very small as compared 
with surface energy. It meant that force could only be exerted for about a 
250-millionth of an inch or a distance of the order to give the small surface 
energy that is observed. 

It was forgotten for a hundred years. Nobody paid any attention to it till 
Rayleigh called attention to it in 1899. 

I started to work, in the General Electric laboratory in 1909, on high vacuum 
phenomena in tungsten filament lamps and began introducing different 
gases into the bulb to see what would happen, just to satisfy my curiosity. 
There was no particular problem to be solved, but I simply found there was 
a great opportunity there to do things that nobody else had ever been able 
to do before. 

So I tried a lot of things. I put nitrogen, hydrogen and oxygen into a bulb 
and heated the filament to 3000 degrees Centigrade and I found very soon that 
some very extraordinary things happened. One was that oxygen formed into 
a film on the surface of the filament. It was held so tenaciously that it could 
stand heating up to 1500 degrees absolute for years, and you could not reduce 
it with hydrogen. It would not react with hydrogen. There was a degree of 
force holding the oxygen and giving it entirely different properties from oxygen 
in bulk. 

I became convinced that there was a direct chemical union between oxygen 
atoms and the underlying tungsten. After the oxygen atoms were once combined 
with the tungsten atoms you could not expect other atoms to combine with 
the oxygen. When I ran upon such a phenomenon as that, I automatically 
adopted the viewpoint of the chemist. Let us go back to see what the differences 
in the approach of the chemist and the physicist are on these matters. 

The physicists have a long history of the study of forces subsequent to the 
discovery of gravitation, following Newton. They studied the electric forces 
and the magnetic forces, and they thought of forces in terms of the square 
of the distance, and so on. They were familar with forces of very long range, 
and would think of gravitation acting between here and the sun. 

The chemists, on the other hand, while seeking where the field particularly 
was, came into contact with atoms and molecules. The chemists took for 
granted that one molecule acted upon another when one came in contact 
with another. That was obvious. You could not expect a hydrogen atom to 
combine with an oxygen atom unless there was contact between them. You 
did not need to think of any explanation of it. It was simply obvious. 

So the whole method of approach was different. The chemist was inclined 
to think of contact as being the important thing, and the physicist was looking 
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upon this as some sort of interaction. So when they came to study surface 
tension phenomena, the physicists said, ‘‘Well, let us assume that molecules 
are spheres and that they exert force on one another and that this force is some 
power of distance, as between the earth and the sun.” That was the method 
of approach. Physicists were the only ones studying surface tension. So, on the 
whole, surface tension was worked out that way—on the basis of long- 
range forces, 

However, the phenomena that I came across, more or less accidentally, 
were forces that the chemists were dealing with. I thought of tungsten coming 
in contact with the oxygen atom and saturating it just as definitely as oxygen 
atoms are saturated when they combine with two atoms of hydrogen. They 
will not take up any more. So the approach of the chemist is different from 
that of the physicist. There is not any fundamental difference, but just one 
of tradition. 

I think that all the success that I had in dealing with surface forces was due, 
morc than anything else, to the fact that I brought out a new method of attack 
on surface tension forces. I took it for granted that the forces between molecules 
and atoms were short-range forces, unless the contrary was proved. 

I know there are plenty of surfaces charged with ions, for instance, which 
exert force on one another. If I have a charged sphere here, it will react on 
another charged sphere over there. I like to forget about the exceptions and 
deal with ordinary cases and see how far we can go. We can go an awfully long 
way with surface phenomena just by thinking only of what happens when the 
molecules on the surface are in contact. 

With regard to chemists, for a long period of time before 1920, they thought 
of molecules in terms of structures as is shown by the structural formulas 
of organic compounds, graphic formulas. The organic chemist in early work 
believed that there was a structure; although, when he put a bond down he 
did not think it was a piece of steel holding atoms together. It was a symbol 
for some sort of force, but he was very sure that the linear sequence of the atoms 
was what he found it to be in his formula. 

Then about 1900, Ostwald’s studies led him to believe that this was all 
. hypothetical. He even wrote a chemistry book for high schools in which the 
atoms or molecules were never even montioned because, he said, it is very 
harmful to have unnecessary hypotheses. Let us have facts. The facts were 
all kinds of experimental data. He would not think of atoms and molecules, 
because they were absolutely unproved and unprovable hypotheses. He changed 
his mind later on when he saw and heard of Perrin’s work and particularly 
when he saw a spinthariscope in which you could see the single atoms as they 
struck. 

However, the teaching between 1900 and 1910 in the field of physical 
chemistry was that atoms and molecules did not exist and, if they did, they 
were just hypotheses. They were nothing but fiction and were as indefinite 
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as fiction usually is. You could make of it anything you wanted to. Only ten 
years or so before, J. J. Thomson had begun to work with individual electrons. 
Then came radioactive phenomena. Physicists were now approaching the point 
where they were absolutely sure that there were atoms and molecules. That 
did not have any effect on the chemists. They still kept on believing it was 
nothing but fiction. 

I became convinced when I started in, that the proof was conclusive that 
atoms and molecules were perfectly real things. Then I said, if that is so, 
go the whole limit in treating this idea. Let us take all of the consequences. 
The atoms and molecules must have shapes, sizes positions, and all the rest 
of the properties that go with them. That is to be expected. One is going 
to expect the old lock-and-key theory of the fitting together of biological 
bodies, for instance, in molecules—which was proposed, I think, by 
Fischer and long ridiculed by Ostwald. This theory seemed to be a perfectly 
rational interpretation of interactions and specific reactions between bodies, 
and its acceptance nowadays has led us to build new theories. 

I shall not stop any longer to talk about the work that I did on reactions 
in gases, except to say that with tungsten filaments, having found this example 
of oxygen holding so firmly, I found several other situations of a similar kind. 
I found that a single layer of thorium atoms on tungsten could increase the 
electron emission from a tungsten filament in vacuum 100,000-fold. That 
was very important from a technical point of view, as thousands of millions 
of radio tubes were made having filaments of that kind. 

However, if my viewpoint was right, it ought to have a wider field of appli- 
cation. It ought to apply, for instance, to surface tension phenomena for liquids. 
So, the first time I began to consider those, I read literature by Bredig, Deveaux, 
and a few others. I adopted this point of view: that the organic molecule has, 
of course, a structure as the organic chemist said it had. That is what the organic 
chemist found it to be, and he had a good reason to think so. 

If that is true, and contacts are the important thing, what would happen 
if you brought that molecule in contact with water? The carboxyl group would 
cause the molecule to dissolve in water; as acetic acid, which is mostly a carboxyl 
group, dissolves in water. The other hydrocarbon portion of the molecule, 
which will not dissolve in water, therefore stays on the surface. So before 
I made the first experiment, I expected, from the mere idea of short-range 
forces acting between different portions of molecules that were in contact, 
that the forces originated from atoms rather than from molecules as the whole. 

You are automatically led to think of several results. First, that if you have 
single layers of molecules, they will be oriented and held on by specific chemical 
interactions between groups of atoms in this substance and the underlying 
water, and that if you had a substance with molecules that did not have any 
group attracted to water, they just would not spread. That is exactly what 
we found. Hardy had observed that before, and associated it with the lack 
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of chemical action, but he had no definite theory. He had the idea that the 
range of forces was of the order of hundreds of molecular diameters, a very 
long range; therefore, he thought that if there were any orientation in the layer, 
it was many molecular layers deep, which is quite a different theory and does 
not lead to any agreement with the experience that we found. 

Just to picture the thing qualitatively, suppose you have a molecule which 
is a long hydrocarbon chain with carbon atoms in it and with a group on the 
end that has affinity for water, and you bring the molecule into contact with 
water. The end tends to go into the water, and the hydrocarbon chains tend 
to stick to each other, because hydrocarbons do stick to one another; that is, 
they don’t vaporize at ordinary temperatures, which proves that they stick 
together. You thus have the whole surface covered with these molecules side 
by side. When spread over a limited water surface, what could be more obvious 
than to say that a second layer cannot form, because the second layer cannot 
come into contact with the water. That is sort of chemical common sense. 
When one molecule fills the space there is no space for any more. You arrive 
at the idea of saturation, which did not occur to the scientists dealing with 
the problem. 

If you have a pure hydrocarbon without these groups, for example, petro- 
latum or Nujol, it forms little globules on the surface of the water. You drop 
them on the water and they stay where they fall. They do not spread out over 
the surface of the water. But if you put into that pure hydrocarbon one 
part in 100,000 of olive oil, you will see it gradually beginning to spread, 
because all the olive oil molecules that have active groups occupy the surface 
at intervals and they compete with one another. They all move around and 
they gradually occupy places and squeeze against one another and spread 
the film out until it becomes so thin that every molecule of the added substance 
has a place on the water. 

We tried some simple experiments to test these ideas. First of all, it seemed 
worth while to make some measurements of these forces. Figure 1 shows 
the apparatus that we used. T was a trough, just a photographic tray, containing 
water. In the early experiments paper strips, A and C, were used to compress 
the film. Nowadays the trough is filled with water to the brim, and metal 
barriers resting on the two edges are used instead of the paper strips. B was 
a movable barrier made of paper or metal foil, attached to the two legs R R’ 
of the balance. F and F’ were jets of compressed air to keep the oil film from 
passing from one side of B to the other, but instead of the jets you could use 
a thread. We put a minute amount of oil on the water surface at O. The oil 
spread out over the surface in a film about one-tenmillionth of a centimeter 
in thickness. As the film spread it pushed against the barriers. We applied 
weights to the pan P of the surface balance to measure the force. That force 
was a differential surface tension measure. It measured directly the ‘‘spreading 
force”. 
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We looked upon the phenomenon of a spreading force just as you would 
a gas striking against a piston. The water surface was like a cylinder, with the 
barrier A serving as a piston, and the oil that was spread on the water was 
like a gas filling a cylinder. If the oil were a two-dimensional gas, the force 
measured by the surface balance would be the measure of the pressure. That 
is the type of measurement that we started to make. We changed the area by 
moving the barrier A and compressing the film, and measured the force by 
holding B at a fixed point against the pointer, J by applying weights to the 
balance. What we really did was to put a large weight on the pan which moved 
B past J, and then we moved A until the compression of the film restored 
B to the equilibrium position J. Then we put on a stronger weight and 
compressed the film still further. 





Fic. I. Diagram of trough used in early experiments, showing surface pres- 
sure balance. 


To buy an outfit like that would cost a couple of hundred dollars. This 
outfit was made in one afternoon. Of course, if you want greater accuracy it 
would pay to use better apparatus. We think it can be done with things that 
you can make at home. 

Figure 2 is a graph of the kind of results that we obtained. The surface 
force was plotted against the area per molecule of oil. The force on the water 
surface was measured in dynes per centimeter. We divided the total area covered 
by the oil by the amount of material in the film. We knew the molecular weights 
of these substances, so we could calculate the area per molecule. Along the line 
OX there was zero force. Under those conditions the film spread out, not 
indefinitely, but to a very large area. Then, as we began to compress it at 
certain points, it exerted a certain force. This diagram is not a diagram of any 
particular substance. 
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If you measure the fatty acids, you obtain points along a line BH, a practically 
vertical steep line up to a certain point, and then the film collapses or crumples 
up. Along BH the film is very difficult to compress. It is called a condensed 
film and is either solid or liquid. I do mot think there as any strict definition 
of what we mean by that. Practically, what I mean by it is whether it is mobile; 
for instance, if you put a little piece of paper on the film and try to blow it, 
you may find the paper will not move. It is just as if the paper were frozen 
in a cake of ice. You say the film is solid. 

On the other hand, if you can rotate the paper without trouble, even if the 
film is under pressure, you call the film liquid. Actually the force that is needed 
to make the paper rotate is the measure of viscosity and, possibly, rigidity. 

I am thinking of the molecules on the water as real objects. You see, the 
moment you start to draw a picture of them, as the organic chemist does, 


F (Oynes /cm.) 


Surfece Pressure 





Area per molecele @ 


Fic. 2. Force-area diagram. 


you think of them as having shapes, lengths, volumes. It is true that you have 
rotation, a bond between carbon and carbon. Therefore, these chains of hydro- 
carbons are not to be looked on as rigid and inflexible chains but as pieces 
of ordinary iron anchor chain. The molecule has a maximum length, but it 
has no particular minimum length. It can assume different shapes, in which 
the carbon atoms always have a linear sequence. Therefore, when you compress 
the film to its smallest area the chains must have their maximum length; in 
other words, they must be arranged so that the hydrocarbon atoms are vertical. 
The molecules will then occupy their smallest area; and a measure of that 
area enables you to calculate the cross section of the molecules when they are 
squeczed together and extended to maximum length. 

Under those conditions, what do- you expect? Well, first of all, when you 
increase the length of the chain by spreading a film composed of molecules 
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having a longer hydrocarbon chain this will not change the area of the film, 
but will change its thickness. Volume divided by the area is the thickness, 
so you can calculate the thickness. Total area divided by the number of molecules 
is the area covered by each molecule. You know right away the dimensions 
of the molecule, that is, how the cross section area compares with the length. 

Then, if you remove the force—let the film expand in some cases— you 
find that these films now extend to much bigger areas, which means that the 
molecules have slumped down and they are like a liquid. Just as in a liquid 
the chains would not be piled up regularly on one another, so in the case of 
the films they can be irregularly arranged, still sticking together, but having 
a surface tension force. You have then what we call an expanded film in 
which the tails of the molecules simply form a little liquid, a little bit of a liquid 
volume. It may be much less in thickness than the length of the molecule; 
and yet, our experiments have shown that it really behaves as a real liquid, 
bounded by an upper surface and a lower surface. 

In Figure 2 the curve HRJK refers to a film which is a single molecule 
thick; and yet the film has three parts, two interfaces and an interstratum. 
The interstratum is essentially a liquid in bulk, and one of the interfaces 
is a two-dimensional gas. That theory of the state of the film can be worked 
out practically quantitatively for the study of a whole class of films that are 
called expanded films, such as olive oil or oleic acid. All form gaseous films 
at low pressures; and yet they differ from a gas in that instead of giving an 
ordinary hyperbola they give a hyperbola JK whose asymptote ST comes 
below the zero point on the force axis because of the force of attraction between 
the molecules. Because of the constant tension of this force the film has to 
have a certain amount of spreading force SO, before you can begin to measure 
the spreading force, because it is counteracted by the tendency of the whole 
film to contract. 

I would like you to believe in the reality of these concepts. I like to think 
of the concreteness of them. Apply ordinary everyday laws of reality to mole- 
cules so that you can picture their behavior. Of course, there may be some 
discrepancies, but still carry those ideas as far as you can. For example, you 
can use them to reason that the top surface of the film must be just about as 
smooth as any liquid is. There will not be any molecules sticking up because 
molecules of a hydrocarbon do not evaporate from one another. If a molecule 
should be surrounded by air, it would be in about the same condition as when 
evaporated. Therefore, the molecules will not be in an empty space. They 
will be struck down together with a relatively smooth upper surface because 
the tension forces between the molecules tend to make the surface area 
minimum, for the same reason that liquid in bulk tends to a minimum surface. 

Figure 3 shows how you can make a film which is 10-’ centimeters thick 
“visible” by marking its boundaries. For this purpose you need some auto- 
mobile oil. You can use oil taken from an automobile crankcase. The more 
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the oil is oxidized the better it is for this purpose; in other words, if you want 
to use fresh automobile oil, heat it in an oven or on a hot plate until it almost 
catches on fire, and stir it and let it become badly oxidized. 

If you put a drop of this oil on water, it will spread out into a film which 
reflects beautiful iridescent colors. It may be red, green or blue, or other 
color, depending on the amount of oxidation. If you compress it between 
barriers, it will change color because it changes thickness. We call that the 
indicator film. 





Fic. 3. Expansion pattern of pepsin. 


Figure 3 shows the surface of water in a trough. This trough is about six 
inches wide, and the bottom of it is painted black. We first put some indicator 
oil on the water which spreads in the film O. That reflects a great deal of light 
compared with the black bottom of the trough. Then we take a very minute 
fragment of crystalline pepsin, or any kind of solid pepsin, a piece about like 
the smallest grain of sand, maybe a thirtieth of a cubic millimeter in size. 
We just stick this little fragment on the end of a platinum wire and touch it 
to the surface of the water and immediately the black area P appears. The 
molecular layer of pepsin has displaced the indicator film in the area P, and 
therefore you see the black bottom of the trough through the clear water surface. 
You see the location of the pepsin film as a black area and therefore you can 
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say that you ‘‘see” the film. Of course, the film is only 1 x10-’ centimeters 
thick, and is actually entirely invisible. 

Pepsin spreads into a certain circular pattern. You wait a minute or two 
and then in the center of it you put another drop of indicator oil, and now 
the oil spreads to form a star-like design O’, not a circle. Pepsin is the only 
substance that I know of, which gives that particular shape or pattern. 10-7 
grams will cover a square centimeter, which will be enough to make a test 
of this sort. 





Fic. 4. Expansion patterns of proteins. 


Figure 4 shows samples of other proteins. Wheat gliadin shows a star-shaped 
figure. With egg albumin thé outside edge is an irregular line and the inside 
edge is irregular. With insulin you get a smooth line, both on the inside and 
on the outside. 

The expansion patterns in Figure 4 show the points of difference in proteins. 
Some of them are solid or plastic bodies. They tear, as a piece of leather tears 
as it is expanded. Others form liquid films that expand with a smooth boundary. 

It is interesting to use the method of expansion patterns to study some 
of the changes in proteins; for instance, the biologist knows that proteins are 
very specific substances having definite biological reactions, definite molecular 
weights, and they are easily denatured or changed so that they lose their specific 
biological properties. 
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One way to denature them is to heat them. In our tests we heated some 
pepsin for two minutes at 65°C. We tested biological activity and it was still 
unchanged. After five minutes at 65° the activity was reduced to 70 per cent. 
We tested the expansion patterns and found that the star-like shapes were 
already beginning to change. The corners were not so sharp. After seven 
minutes at 65°, the activity was not much decreased, but the pattern of the film 
was becoming circular. Twenty-five minutes at 65° caused a 60 per cent de- 
crease in activity. Now the film had become completely liquid and there was 
no tendency to form star-like patterns. So by this very simple procedure you 
can follow chemical changes in molecules. 

One interesting thing about it is this: some people say that when a protein 
is spread it is denatured, and some people say that there is only one kind of 
denaturation. Expansion patterns show right away that the denaturation by 
spreading is different from the denaturation by heating, because a film that 
has not been heated gives a star-like pattern, but if you heat it before you 
spread it a star-like pattern is not formed. Therefore you have an indication 
that the change that is produced by heat is certainly not the same.as then 
change produced by spreading. 

We made two other tests of denaturation. We irradiated pepsin for ten 
minutes and it still retained 96 per cent of its activity, but there was a very big 
change in the film. Again the effect of irradiation for thirty minutes was 
different from the effect of irradiation for ten minutes. If the protein was 
shaken 400 times, it formed a liquid film. After being shaken 4000 times very 
little of the pepsin would spread on the water surface. 

Spreading is an unfolding, let us say, of the molecule, but shaking does 
two things: it forms new surfaces, but after shaking a few hundred times 
you are not only forming new bubbles, but you are breaking old bubbles. 
The total number of bubbles does not increase. Every time you are breaking 
bubbles, you are crushing your molecular layer and you have resulting changes 
in its character. 

The tests show that shaking produces a different result fram spreading. 
You can call them both surface denaturation, if you like, but there are two 
different mechanisms involved, and they have different effects; that is, the shaking 
gives a liquid expansion pattern whereas the spreading gives a star-shaped 
pattern. I do not know the significance of these things. They are of significance 
to somebody who is working with proteins and particularly somebody who 
is trying to use the phenomena of denaturation in the study of the structure 
of proteins, because in most of our knowledge of the structure of proteins 
the whole polypeptide theory of protein structure is based on the study of 
degradation. When you hydrolyze this polypeptide chain by boiling, it certainly 
denatures it more. It breaks it down as a polypeptide chain. From that you 
learn what the structure is, and you can say that the structure must be a poly- 
peptide chain. 
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The method of expansion patterns has been very successful in giving us 
a lot of knowledge. It seems to me it will be very important to take these minor 
forms of denaturation and try to distinguish them first qualitatively and then 
make quantitative experiments. 

However, more than that, what do these experiments mean? We measure 
areas, we measure viscosities, and I am going to describe more properties we 
can measure; and these properties that we measure are directly related to the 
forces between different parts of the molecular structure. 

I shall describe some other different methods of studying monolayers. 
First, there is a technique which we have found available for measuring the 
thickness of protein layers. This is done by depositing films of these substances 
onto plates which are specially prepared. You can build up multilayers by the 
very simple technique of taking a plate of metal or glass and dipping it down 
into water on which a suitable film is spread and pressure is maintained. As you 
lift it out, it comes out with a layer on it. If you push it down again, you get 
another layer on it, and every time you go either down or up with certain 
kinds of substances you get another layer, until you build up films that you 
can see. The substance most commonly used for building multilayers by this 
method is barium stearate. It is prepared by spreading stearic acid on the 
surface of water containing a small amount of a dissolved barium salt. The 
thickness per layer is 24.4 Angstroms. If you build up films in this way to 
a thickness comparable to a quarter wave-length of light, you find that any 
additional change in thickness produces an enormous effect in the reflected 
light, so that optically you can see differences of thickness as little as 1 
Angstrom. 

Figure 5 is a graph of the intensity of monochromatic light reflected from 
a film built of multilayers of barium stearate on polished chromium. The 
film -was built in steps having 41, 43, 45 layers. It was illuminated by sodium 
light, polarized with the plane of polarization perpendicular to the plane of 
incidence, and directed at the film at an angle of incidence, i = 80°. The 
circles on the graph show the intensity of light reflected by the steps A, B 
and C having 47, 49 and 51 monolayers. Step B reflected so much less light 
than the neighboring steps A and C that it appeared nearly black by contrast. 

A film of this type, built in a series of steps, can be used to measure very 
accurately the thickness of a protein monolayer. The plate having the step-series 
is lowered into water on which a protein film is spread, and as the plate is 
withdrawn the protein film adheres to the top of the multilayers. In Figure 5 
the crosses on the graph represent the intensity of reflected light after a protein 
monolayer having the thickness of 20 A.U. has been added to a step-series. 
The change in contrast of the steps A, B and C is very great. It is possible by 
using suitable optical means to measure the changes of intensity corresponding 
to changes of thickness of 1 A.U. In other words, you can detect differences 
of layers corresponding to atoms in thickness. 
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Another way in which proteins can be studied is by measuring the viscosity 
of a monolayer on a water surface. The procedure is very simple. A small 
torsion apparatus is made by suspending a horizontal disc of metal one inch 
in diameter by a wire, such as a 3-mil tungsten wire. The wire is mounted 
on a little cork which rests on a support above the trough and can be turned 





NUMBER OF LAYERS 


Fic. 5. Intensity minimum for step-series of monolayers of barium stearate, built 
on polished chromium. Films seen by polarized ray Rs of sodium light at an 
angle of incidence i= 80°. 


so as to rotate the disc. You lower the apparatus until the disc just touches 
the surface of the water, spread a film on the water, and put the film under 
certain compression. You find, as you compress it, that the disc is damped 
in its motion or maybe will not rotate at all. You may be able to turn the cork 
through 90° and the disc does not follow. 

The graph in Figure 6 shows measurements of the amplitude of successive 
swings of the disc. The measurements were made for an insulin film at pres- 
sures of 2 dynes, 6 dynes and 10 dynes per centimeter. As the pressure was 
increased the film became much more viscous and the slope of the line served 
as a quantitative measure of the viscosity. 

Figure 7 shows data on a whole series of proteins, all at a force 2 dynes per 
centimeter: gliadin, zein, casein, gliadin acetate, insulin, tobacco seed globulin, 
papain, haemoglobin, egg albumin, trypsin, trypsinogen, pepsinogen, pepsin, 
edestin, horse globulin. You see what an enormous range you obtain with dif- 
ferent proteins. The graph shows that the last five proteins in this list did not 
permit the disc to swing at all. Different proteins have different characteristics 
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which certainly must be related to the forces of interaction between the mole- 
cules. 

A second way of measuring the viscosity is to use the aperiodic method 
This is used to measure the films which did not permit the disc to swing in 
the first method. In that case you turn the disc 90° and, although it will not 
swing, it will gradually return and the rate of return can be measured. 





Fic. 6 Monolayer viscosity. Insulin. 


With the horse glubulin, you notice that when you turn the torsion head 
90° there is a yielding by the film of about 3°, and from that time the disc 
is held motionless. The horse globulin is a rigid film, that is, it is a solid body. 
See Figure 8. 
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Fic. 7 Protein monolayer viscosity. 
F = 10 dynes/cm. 


Some of the protein films are very sensitive to pressure. Casein, for instance, 
when compressed at 16 dynes gives a curve which is enormously different from 
the curve obtained at 19 dynes. This difference is not obtained with other 
proteins. A great many kinds of characteristic behavior of proteins can be 
observed by means of this tool, which could not be measured in any other 
way, since the amount of substance in a monolayer is exceedingly minute. 
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Figure 9 shows a phenomenon which we found with some of the proteins. 
P is a film of trypsin surrounded by indicator oil O. O’ is indicator oil spread 
in the middle of the trypsin. The ring at the edge of O’ which appears light 
in the photograph was actually many colored. The colors depended on the 
thickness of the film and indicated that the film became thinner at the point 
where the colors appeared. 

We suspected that that was due to some impurity in the trypsin. It might 
have been a soluble product that was reduced by the changes that took place 
as a result of spreading; in other words, when the protein spread there may 


@;0 F #10 DYNES/ CM. 
es : APERIODIC METHOD 







HORSE GLOBULIN 


EDESTIN 


00 200 
TIME SECONDS 


Fic. 8. Aperiodic method. F = 10 dynes/cm. 


have been some low molecular weight products that formed as by-products 
I do not know. However, in general we have found that the purer the prod- 
uct the less tendency there was to get the edge effect. This trypsin was obtained 
from Northrop and was given to us as a very pure crystalline trypsin. 

We think the color changes occurred because some soluble product from 
the protein went into solution in the water and subsequently diffused up to 
the lowest surface of the indicator oil and became absorbed, causing the oil 
to spread out to a thinner film. 

We proved that that was correct by a whole series of experiments specially 
made. We were able to spread these protein films on the water, scrape the 
proteins off after holding them under pressure, and then put indicator oil 
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on the water and watch the change in the area of the oil. The area did change 
and the color changed. The area increased, showing that the amount of sub- 
stance that entered the oil was about the same amount of substance that disap- 
peared from the protein film when it was compressed. Figure 10 shows typical 
force area data obtained with a pepsin monolayer. The protein film was com- 
pressed with a definite time sequence at each point, taking the readings at 
one minute after each successive pressure was applied. If you increase the 
pressure up to some point like B at 25 dynes and hold the pressure constant 





Fic. 9. Trypsin monolayer showing edge effect. 


for a time until the area contracts from B to C, and if then you decrease the 
pressure, the readings do not come back along the same curve, but follow some 
curve such as CD. When you go up again they then follow DE, and when 
you come down they return to D. You can repeat it as often as you want, but 
you will never get back to the point A. In other words, the first time you com- 
press the films some substance is lost permanently and the difference between 
D and A is a measure of the amount lost. It is some soluble product in the 
protein, either an impurity or something formed by the spreading; and after 
it has been removed you can repeat the compression and expansion over and 
over again with the same film without further change. 

The contraction of the film from E to C when the pressure is held at 
25 dynes is not due to the compressibility of the film. It is due to the 
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rearrangeability. You are pushing out of the film, parts for which there is no room, 
which go into folds in the underlying water and are not lost to the film. They 
are displaced, so that they are hanging in folds underneath the surface. After 
this process has taken place, it takes time for these less hydrophobic parts to 
come back again into the film. However, they do come back. This is what 
is happening along a line such as GH on Figure 10. After holding the pressure 
constant at 25 dynes for a few minutes, the pressure was lowered to 18 dynes. 
It was held at that value and the film expanded from G to H, as the parts 
which had been displaced returned to the surface. 





Specific Area a 


Fic. 10. Force-area curve for protein. 


Figure 11 shows a series of curves that were obtained at a definite time 
sequence, taking points with one minute intervals on the way up. Notice that 
the curves for pepsin, trypsinogen, egg albumin, wheat gliadin and insulin 
are very different. We have worked out and published a report that seems to 
correlate these changes exactly or very accurately within the accuracy with 
which the analyses are known, with the composition of the protein; in other 
words, these proteins that will stand a lot of pressure will stand the pressure 
because there are some hydrophobic groups of particular size and length, 
which are hard to force away from the surface. Insulin contains a lot of leucine, 
which is very hydrophobic. Wheat gliadin has predominantly hydrophilic 
groups. Therefore, it is much easier to stretch or squeeze the groups of wheat 
gliadin from the surface. 


Original from ° 


avy Gor gle UNIVERSITY OF MICHIGAN 





Molecular Films in Chemistry and Biology 503 


Figure 12 shows the tremendous effect we get by heating pepsin. A is the 
curve for native pepsin. After pepsin has been heated for ten minutes at 65° 
the compression follows curve B and the film shrinks to 25 per cent of its 
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Fic. 11. Force-area time curve for various proteins. 
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Fic. 12. Force-area time curve for pepsin. 


area. When the pressure is released only 40 per cent of the original area is re- 


covered. Therefore, some part of the pepsin has been rendered soluble by heat, 
and that goes into solution in the water. 
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From these data we have worked out a theory, and we can calculate that 
the molecular weights of those products that are formed by heat denaturation 
are of the order of 2000; the protein itself is somewhere around 35,000. 

With regard to the structure of proteins, the work with surface films does 
not, of course, tell us the structure of proteins, but it tells us this very definitely I 
think: that in spreading a protein you change the shape of the molecule from 
that of the globular protein, which is approximately 25 or 30 Angstroms in 
diameter, to something which is perhaps a quarter of that or less, 8 or 10 Ang- 
stroms in thickness, which means that the original shape has been broken 
down. 

You cannot very well tell what it was originally, but you do know this: 
that the cause of spreading must be the presence of hydrophobic groups. 
The proteins themselves, like insulin and egg albumin, are highly soluble 
in water. The films are completely insoluble in water. You cannot get them 
back into solution by compressing them or, in fact, as far as I know, in any 
way, unless you degrade them still further. That difference is best accounted 
for by saying that in the proteins themselves the hydrophobic groups, which 
are present in the side chains, are buried in the interior of the molecule and 
that, in the spreading process, those are brought to the surface, and it is the 
presence of those hydrophobic groups that cause the spreading phenomena. 

I think, in general, the best picture of this structure is Dr. Wrinch’s theory 
of the cyclol structure. . 

A great deal of work has been done recently on the question whether mono- 
layers of proteins, that is, films spread from solution of the proteins and then 
deposited on plates, for example, retain their biological activity. We worked 
with pepsin and we found that it still could clot milk with full activity, apparently, 
after it had been spread. It does not do it by acting while it is on the plate. 
What happens is this: you deposit a single layer of pepsin on a glass plate or 
metal plate, put that in milk and immediately the pepsin that was on the plate 
goes into the bulk of the milk and will continue to clot the milk after you take 
the plate out. Therefore, it has gone from the plate; in fact, if you dip a plate 
covered with a monolayer of protein for two or three seconds in some milk 
and then put the plate in a second batch of milk, the second batch of milk will 
not clot and the first milk clots about twenty minutes after the plate has been 
removed. The experiment proves that in that case the monolayer is active 
or converted into something that is active by something in the milk. I do not 
know which it is. 

Dr. Rothen and others at the Rockefeller Institute have been recently making 
some very interesting experiments, and I have a reprint of a paper of a sympo- 
sium that they are publishing, in which they find that insulin is fully active 
after having been spread in a monolayer, although its thickness is a third of 
the thickness of the insulin molecule. These are cases where monolayers retain 
their activity. On the other hand in several other cases that they studied, the 
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activity was completely lost. However, the antigenic properties of egg albumin, 
for example, are retained after the monolayer has been spread. 

After such studies as these I should suggest making experiments to find 
out whether the activity is modified by putting the film onto the glass at dif- 
ferent pressures. We found considerable difference in the case of pepsin; 
that is, if the film was put on the glass under high pressure, its activity was 
damaged very much less. 

So, although you will not be able to work out a theory of structure directly 
from these measurements, it does seem as though you would be led to clues 
of structure that could be confirmed by experiments. The rapidity with which 
you can study phenomena is extremely great because of the simplicity of the 
method. , 
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